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Biomaterial science has significantly evolved in the past half century and is one of the 
major engines to boost the development of regenerative medicine. Both increasing 
requirement for biomaterials and increasing appreciation of the functionality of biological 
matrix caused scientists to consider nature for design and fabrication inspiration for new 
generation of biomimetic materials. This thesis was designed to develop new class of 
biomimetic materials that closely resembled the roles of natural materials and held great 
potential for a number of biomedical applications, through using peptides as the building 
blocks, the extracellular matrix (ECM) as the mimicking template, and peptide-
amphiphile self-assembly as the mimicking means. 
 
The first part of the thesis was to fabricate collagen-mimetic peptide amphiphiles (CPAs) 
to structurally and biologically resemble fibrous collagen that is the most abundant ECM 
protein and plays vital roles in supporting cell growth and tissue function in vivo. The 
CPA was prepared through incorporating the epitope of a collagen-mimetic peptide 
(CMP) supplemented with a specific cell binding sequence GFOGER. It was showed that 
the CPAs were able to self-assemble into nanofibers and remained triple-helical 
conformation that was structurally unique to collagen. The results also demonstrated that 





Following that, a co-assembling strategy was applied to fabricate ECM-mimetic materials 
based on the collagen-mimetic system. ECM-mimetic hybrid nanofibers carrying two 
integrin-specific sequences of GFOGER and RGDS were prepared. It was showed that 
the ECM-mimetic nanofibers were able to entangle to form fibrous hydrogel and improve 
cell adhesion and spreading. The fabricated ECM-mimetic hydrogel was injected to a 
three-dimensional porous polymer scaffold to form hybrid hydrogel/scaffold system. The 
results demonstrated that the ECM-mimetic hybrid system displayed the ability to 
optimize cell distribution, proliferation and function. 
 
The third part was designed to present a hierarchical self-assembly pathway to form PA 
fiber bundles by inducing and controlling inter-nanofibers interactions using RGDS. It 
was proved that the hierarchical assembly and structure resulted from the complementary 
electrostatic attraction between alternating charge patterns of RGDS. The findings that 
RGDS type sequences functioned not only as bioactive motifs but also key structural 
units in the lateral assembly of fibers could aid in better understanding of fibrillogenesis 
in nature. The biomimetic hydrogel built up by fiber bundles had larger pore size and 
better permeability for macromolecules, which allowed rapid diffusion of oxygen and 
nutrients.  
 
The control over the shape, size and stability of the self-assembled aggregate is desirable 
but often technically challenging.  Following the successful tailoring of fiber diameter, an 




nanofibers. The fourth part of the thesis was aimed to present a strategy to control the 
length and enhance the stability of self-assembled nanofibers via the post-assembly 
polymerization and scission process. The results demonstrated the formation of self-
assembled nanofibers with the enhanced stability and the controllable lengths via 
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Regenerative medicine and tissue engineering, as one of new emerging and great 
interdisciplinary scientific challenges, holds the promise of repairing and replacing 
diseased tissues and organs as well as the potential to develop therapies for previously 
untreatable conditions, such as diabetes, heart disease, liver disease and renal failure. One 
of the major engines to boost the development of regenerative medicine and tissue 
engineering is biomaterials research. Biomaterials have made great strides in the past half 
century, which underwent three generations of “bioinert”, “bioactive”, to current 
“biomimetic” materials. The bioinert materials were designed to perform largely 
structural and mechanical functions, based on the idea that the release of toxic from 
implanted materials would adversely affect healing. The molecular biology revolution 
enables scientists to understand host-materials interactions and identify bioactive 
components for improving regeneration, leading to the generation of these bioactive 
materials through incorporating bioactive components into synthetic materials. Currently, 
the increasing appreciation of the functionality and complexity of biological matrices 





generation of biomimetic materials that are intended to structurally, mechanically and 
functionally resemble native matrices.  
 
The extracellular matrix (ECM), as an ideal source of design inspiration that nature offers, 
is an intricate network of multifunctional macromolecules that modulate cell behavior 
and direct tissue development through structural instruction and biological interaction 
with specific receptors. Most cells in vivo adhere to the ECM to survive and function, 
either directly to the components of the collagen-rich interstitial matrix or to the 
basement membrane which consists of a variety of adhesive proteins, such as fibronectin 
and laminin. Undoubtedly, the ECM proteins are thought of as the primary sources of 
materials for biomedical applications. However, the intrinsic problems of using animal-
derived proteins, such as poor reproducibility, possible immunogenicity, and potential 
risk of disease transmission, severely limit their applications in body, thus necessitating 
the fabrication of biomimetic materials closely resembling native ECM. In recent years, 
the use of peptides to construct biomimetic materials have gained broad acceptance and 
appears to have a great potential to resemble the many roles of ECM proteins. Numerous 
peptides, such as RGD and synthetic triple helix, have been prepared as ECM mimics to 
recapitulate the biological functions and structural features of ECM proteins. Currently, 
scientists start to make efforts to engineer biomimetic materials that may mimic essential 
features of native ECM, in terms of primary structure, biological function, and 






Nature inspires not only the materials themselves but also the means by which they are 
made. Molecular self-assembly, as an ideal source of fabrication inspiration that nature 
offers, is a frequently used approach to produce materials in biological systems. The 
natural materials, such as the ECM and the cytoskeleton, are constructed on the small 
scales by self-assembly, a bottom-up means of fabrication that facilities construction of 
information-rich, intricate architectures in a highly reproducible manner with minimal 
energy input. In recent years, several molecular self-assembling systems, such as self-
complementary ionic peptides, α-helical coiled-coil peptides, β-hairpin peptides, and 
single-tail peptide amphiphiles (PAs), have been developed and used to fabricate 
biomaterials for regenerative medicine and tissue engineering. Among them, the single-
tail PA system with super versatility of chemical design and functionality appears to have 





It is hypothesized that the design and fabrication inspiration that nature offers, such as the 
ECM and molecular self-assembly, may result in new generation of biomimetic materials 








1.3 Research objectives 
 
The objective of the thesis is to develop new class of biomimetic materials that closely 
resemble the features of natural materials for biomedical applications, through using 
peptides as the building blocks, native ECM as the mimicking template, and self-
assembling PA system as the mimicking means. The specific aims of the thesis include:  
 
1) Fabricate collagen-mimetic peptide amphiphiles (CPAs) capable of self-
assembling into nanofibers that exhibit both triple-helical conformation and 
cell binding activity of collagen. 
A series of CPAs supplemented with a specific cell binding sequence spanning 
residues 502-507 of collagen α1(I) (GFOGER) will be synthesized and 
characterized for their ability to self-assemble into nanofibers and further entangle 
into 3D fibrous network. Moreover, the collagen-mimetic nanofibers will be 
structurally and biologically assessed for the triple-helical conformation and the 
cell binding activities. (Chapter 4) 
 
2) Demonstrate the strategy of fabricating ECM-mimetic materials which are 
further injected into a 3D porous architecture to form hybrid scaffold to 
optimize cell distribution, proliferation and function. 
To fully mimic ECM, various ECM proteins are needed to consider for 
engineering ECM-mimetic materials. ECM-mimetic hybrid nanofibers carrying 





from fibronectin will be prepared through a co-assembly strategy. The hybrid 
nanofibers will be assessed for the ability to form 3D fibrous network and 
promote cell adhesion and spreading. The fabricated ECM-mimetic materials will 
further be infused into a 3D porous architecture to form biomimetic scaffold to 
optimize liver cell distribution, proliferation and function. (Chapter 5)  
 
3) Develop a hierarchical self-assemble pathway to produce fiber bundles based 
on the inspiration of collagen fiber bundle formation. 
A hierarchical self-assembly pathway to form PA fiber bundles by inducing and 
controlling inter-nanofibers interactions using the bioactive motif RGDS will be 
developed and investigated. Mechanism beyond the hierarchical self-assembly of 
PAs into fiber bundles will be proposed and proved. 3D architecture built up from 
fiber bundles will be assessed for pore size and permeability. (Chapter 6) 
 
 
4) Enhance the stability and control the length of self-assembled PA nanofibers 
through post-assembly polymerization and scission processes. 
A strategy to simultaneously enhance the stability and control the length of self-
assembled PA nanofibers via the post-assembly polymerization and scission 
processes will be explored. The prepared PA nanofibers will be assessed for the 











2.1 Regenerative medicine and biomaterials 
 
Regenerative medicine, as one of great interdisciplinary scientific challenges, is the 
process of creating living, functional tissues to repair or replace tissue or organ function 
lost due to age, disease, damage, or congenital defects (Atala. 2009). This new, multi-
faceted field holds the promise of repairing and replacing tissues and organs damaged by 
diseases as well as the potential to develop therapies for previously untreatable conditions, 
such as diabetes, heart disease, liver disease and renal failure (Atala. 2009). In the near 
future, a wide array of major unmet medical needs may benefit from regenerative 
medicine, including congestive heart failure (approximately 5 million US patients), 
osteoporosis (10 million US patients), Alzheimer’s and Parkinson’s diseases (5.5 million 
patients each) and severe burns (0.3 million), spinal cord injuries (0.25 million), and birth 
defects (0.15 million) (Atala. 2009). Advancement in regenerative medicine will 
definitely be beneficial to people in Singapore, where the number of patients with 






 In current medical practice, diseased or wounded tissues can be replaced by tissue and 
organ transplantation, and many types of tissues and organs can be transplanted to replace 
diseased tissue in a patient, such as the heart, lungs, liver, kidney, pancreas, small 
intestine, cornea, and skin. However, organ transplantation is severely limited by the 
problems of organ donor shortage and immune rejection. As of December 30th 2011, 
over 112,657 people in the United States are on the organ transplant list awaiting organs, 
and in all of 2011, only 21,354 transplants surgeries were performed (OPTN website). 
There was a large gap between the number of patients waiting for a transplant and the 
number receiving a transplant. The data for liver and kidney transplantation in the past 
decade is shown in Figure 2.1 and 2.2. The number of patients in kidney waiting list was 
greatly increasing, whereas the number receiving a kidney transplant was constantly low. 
The critical shortage in the supply of transplantable organs consequently leads to long 
waiting time, and many patients will die before receiving a transplant. Regenerative 
medicine thus is aimed to solve the problem of the shortage of organs available through 
donation compared to the number of patients that require life-saving organ 
transplantation. By providing tissues and organs on demand, regenerative medicine 
serves not only to increase quality of life and care for patients, but also to potentially 






Figure 2.1 Number of liver transplants and size of active waiting list for liver. 
 
 





The concept of regenerative medicine was introduced in 1999, with the aim of combining 
together tissue engineering and cellular therapeutics (Fishman et al. 2011). In most cases, 
both regenerative medicine and tissue engineering concepts are simultaneously used 
without clear differentiation. Tissue engineering, proposed by Langer and Vacanti in 
1993, follows the principles of cell transplantation, materials science and engineering 
towards the development of biological substitutes that can restore, maintain or improve 
normal function (Langer et al. 1993). There are three original pillars of tissue engineering, 
including 1) “matrices”, the natural or synthetic scaffolds constituting the extracellular 
environment for a particular tissue or organ; 2) “isolated cells”, the stem cells or 
differentiated cells with ability to restore form or function in an injured tissue or organ, 
and 3) “tissue-inducing substances”, the growth factors to orientate or direct cell behavior 
and tissue formation.  The idealized tissue engineering and regenerative medicine 
combine the use of matrices, cells, and signaling growth factors together to regenerate 
tissues or organs. Based on types of combination, the strategies of tissue engineering and 
regenerative medicine fall into four categories: 1) the use of acellular matrices, depending 
on the growth factors encapsulated and the body’s natural ability for orientation and 
direction of new tissue growth, and 2) the use of matrices with cells, aiming to support 
cell growth and deliver them into body for regenerating of injured organs, and 3) the use 
of three-dimensional scaffolds to culture cells to form artificial tissue or organ for 
transplantation, as well as 4) the use of cells alone, through injecting cells into body to 





Despite of highly considerable potential for a number of applications, there are several 
main obstacles that slow down the development and application of regenerative medicine 
and tissue engineering. The first challenge is that the mechanism of stem cell 
development is amazingly complex and the factors governing its proliferation and 
differentiation are not clearly understood. The second one is that tissue-inducing factors 
have not been completely and systematically investigated and applied into synthetic 
biomaterials. The third one is that the existing scaffolds cannot fully meet all needs from 
tissue engineering in the aspect of matrices. An ideal scaffold for tissue engineering 
would include the following criteria: high volume, interconnected porosity for cell 
growth and mass transport of nutrients and waste; biocompatible with controlled 
biodegradation to match tissue growth; multifunctional 3D micro-environment capable of 
directing cell adhesion, proliferation, and differentiation; and mechanical properties 
matching those of host tissue. The main objective of this thesis is to construct 
biomaterials that can meet most of essential needs of matrices used in tissue engineering.  
 
Biomaterials 
Humankind’s use of materials to repair bodily function dates to antiquity. There is 
evidence of the use of suture by people nearly 3200 years ago, and the use of wooden toe, 
around 1065-704 BC, to replace an amputated toe (Huebsch et al. 2009). Biomaterials 
research has evolved significantly since the middle of the twentieth century. Without an 
understanding of biocompatibility and sterility, most implants prior to the 1950’s were 





effect of implanted materials in body, engineers, chemists, and biologists, in 
collaboration with physicians, were formalizing design principles and synthetic strategies 
for biomaterials. The important principle that the release of toxic from implanted 
materials would adversely affect healing was realized and applied to design of implanted 
materials. Based on the formalized design principles, the “first generation” modern 
biomaterials was intended to be bioinert and not interact with the biology of the host 
organism. These bioinert materials were aimed to perform largely structural and 
mechanical functions, materials like vascular stents, dental restoratives, artificial hips and 
contact lenses (Huebsch et al. 2009). After which, the molecular biology revolution of the 
1970s and advances in genomics and proteomics in the 1990s and 2000s enabled 
scientists to systematically understand host-biomaterials relationship and identify 
bioactive components for improving restoration, leading to new design principles and 
synthetic strategies for biomaterials. The “second generation” biomaterials capable of 
eliciting a desired response from the host tissue have been developed through 
incorporating the bioactive components into synthetic materials. These bioactive 
materials not only perform mechanical functions but also direct biological responses, 
materials like drug-eluting vascular stents that is commercially available. The ability to 
incorporate biological functions into materials greatly improves their performance and 
broadens applications. However, synthetic biomaterials remain a large gap to nature 
matrices in both physical and functional properties, which limits the development and 
application of regenerative medicine and tissue engineering. The increasing appreciation 





to consider nature for design and fabrication inspiration, as a result of which progress has 
been made recently in the development of “third generation” biomaterials. The “third 
generation” biomaterials are normally named as bioinspired materials or biomimetic 
materials, which are inspired by nature and are intended to structurally, mechanically and 
biologically mimic native matrices in a sophisticate manner.  
 
Native materials used in biological systems are frequently complex and multifunctional, 
and are built using ‘bottom-up’ fabrication methods, and have typical micrometer-scale 
or nanometer-scale features. Both the materials themselves and the biophysical processes 
involved in their formation are inspiring the design and fabrication of new generation of 
biomimetic biomaterials. The extracellular matrix (ECM) is an ideal source of design 
inspiration that nature offers, while molecular self-assembly by which materials 
frequently made in nature inspires engineers and scientists to develop fabrication 
strategies of materials. Currently, the development of biomimetic materials is to mimic 
native ECM of multi-functionalities and complex architecture with particular 
micrometer-scale or nanometer-scale features, through the means of molecular self-
assembly. The mimicking target of ECM and the mimicking means of molecular self-








  2.2 The mimicking template: the extracellular matrices (ECM) 
 
The extracellular matrix (ECM) is a perfect template which biology offers for developing 
tissue engineering scaffolds. The ECM is a network of secreted macromolecules and 
serves to provide anchorage for cells, modulate cell behavior, sequester growth factors 
and regulate tissue formation (De Arcangelis et al. 2000). The ECM macromolecules fall 
into two basic categories: proteoglycans and proteins. Proteoglycans have a protein core 
with polysaccharides surrounding the protein like a brush. The polysaccharides are made 
of glycosaminoglycans (GAGs) such as heparin sulfate, chondroitin sulfate, and keratin 
sulfate. GAGs are highly hydrated due to a net negative charge and form a gel-like 
substance in the tissue. The GAG gel resists compressive force to give some strength to 
the tissue, yet also allows rapid diffusion of oxygen and nutrients due to the high 
hydration, like a three-dimensional porous architecture. On the other hand, ECM proteins 
are found embedded in the GAG gel and provide further physical and biological 
instruction for cell growth and tissue formation. Based on their function, ECM proteins 
are divided into structural proteins, such as collagen and elastin, and adhesive proteins, 
including fibronectin and laminin. Among them, collagen is the most abundant protein, 
approximately comprising one third of human proteome (Shoulders et al. 2009). Collagen 
is the principal constituent of the ECM and is of wide interest to material engineers and 
scientists. Fibronectin, the first and arguably most studied adhesive protein, is widely 
distributed in human tissues and thus is a potential ligand for most cell types. Most of 





proliferation and function. The cell-matrix communication is regulated by a family of cell 
surface receptors called integrins. Integrins are important bridges to link the extracellular 
matrix to the intracellular matrix and transmit signals in either direction. The 




Integrins, a large family of heterodimeric transmembrane proteins, are the major 
metazoan receptors for cell adhesion to ECM proteins. In addition to mediating cell 
adhesion, integrins connect to the cytoskeleton and are able to trigger many intracellular 
signaling pathways. The name of integrin refers to their function of integrating the cells’ 
exterior to the cells’ interior (Van der Flier et al. 2001). Integrins can signal through the 
cell membrane in both directions: the extracellular binding activity of integrins is 
regulated from the inside of the cell, while the binding of the ECM elicits signals that are 
transmitted into the cell (Giancotti et al. 1999). Integrins and their ligands play key roles 
in development, immune responses, leukocyte traffic and hemostasis (Hynes 1992; Hynes 
2002). 
 
Integrins are comprised of an α and a β subunit, with large extracellular domains and 
short intracellular domains.  Eighteen types of subunit α and eight types of subunit β have 
been identified in mammalian cells and at least have been known to assemble into 24 













 in order to function, and the 
types of cation have effect on activity and specificity of the integrins (Mould et al. 1995; 
Qu et al. 1996). α subunit contains four cation binding sites, while β subunit contains one 
cation binding site. The binding of divalent cations leads to an “open” or “closed” 
integrin conformation and thus regulates ligand binding.      
 
The extracellular binding to integrins 
The extracellular binding can stimulate integrins to become clustered in the panel of cell 
membrane, and further to promote the association with the cytoskeleton and the assembly 
of actin filaments. It in turn promotes more integrin clustering, thus enhancing the matrix 
binding and organization by integrins in a positive feedback system. As a result, ECM 
proteins, integrins, and cytoskeleton proteins assemble into aggregates on each side of the 
membrane, the well-developed aggregates known as focal adhesions. Through binding to 
ECM proteins, integrins could activate intracellular signaling pathways to regulate cell 
proliferation and differentiation, cell shape and migration, and other events (Hynes 1992; 
Giancotti et al. 1999; Hynes 2002). The ability to resemble the ligand-receptor interaction 
is a key to the development of biomimetic scaffolds for tissue engineering.  
 
Different types of integrins can specifically recognize and bind to different ECM proteins. 
α subunit is likely responsible for the specificity of the integrin to recognize the ECM 
proteins’ binding sites (Humphries et al. 2000). Integrins containing the α4, α5, α8, αIIb, or 





and vitronectin. Although collagens and laminins also contain RGD sequences, these 
motifs are normally cryptic and inaccessible (Van der Flier et al. 2001). Collagens are 
recognized by integrins consisting of the α1, α2 ,α10, or α11 subunits, and laminins have 
specific interactions with integrins containing the α3, α6, or α7 subunits. Despite the fact 
that the binding specificities of many of the integrins overlap, the loss of almost any 
integrin subunit leads to biological defects in knockout mice. These defects can vary from 
subtle imperfections to very severe abnormalities in certain subunits knockout mouse 
strains (Hynes 1996; Brakebusch et al. 1997; Darribère et al. 2000). Likewise, the loss of 
important ECM components and their binding sites in the synthetic scaffolds may result 
in inefficiently regulating cell behaviors and tissue development. Based on this 
philosophy, it may be important to incorporate enough binding sites into biomaterials 
with optimal density and arrangement based on the specific purpose of biomedical 
applications. 
 
The need of ECM mimics  
With the increasing appreciation of the functionality and complexity of the ECM, it has 
been widely employed to achieve specific cell surface interaction or used as tissue-
engineering scaffolds, such as ECM-modified surface of biomaterials and the use of 
decellularized scaffold. However, the use of animal-derived proteins, especially for 
implantation, often suffers from the potential risk of disease transmission, low purity, 
poor reproducibility, and loss of structural and functional integrity during production 





al. 2003). Furthermore, long term application of these proteins would be impossible, 
mainly because of the enzymatic attach or proteolytic degradation which can be even 
accelerated by inflammation and infection (Hersel et al. 2003). Additionally, the desired 
binding sites may be obscured, since the orientation of the proteins is not easily 
controlled. Thus, the ECM proteins have been the target of biomimetic design for 
decades because of the excellent functionality and the many difficulties associated with 
the use in body. 
 
Numerous ECM-derived peptides with integrin-specific binding activity have been 
identified. RGD is first identified in fibronectin, and is the most used for promoting cell 
adhesion (Pierschbacher et al. 1984; Pierschbacher et al. 1987; Ruoslahti et al. 1994; 
Ruoslahti 1996; Ruoslahti 2003). Apart from RGD many other important cell binding 
motifs have also been identified, such as YIGDR (Graf et al. 1987), DGEA (Staatz et al. 
1991) and REDV (Humphries et al. 1986; Huebsch et al. 1995). The use of ECM-
mimetic peptides is attractive for several reasons, comparing with the direct use of ECM. 
First, they have high structural stability and can be easily engineered. Second, short 
peptides allow a high degree of control over the presentation of the binding sequence and 
the ligand density. The cellular recognition sites thus are easily accessible for their higher 
density and proper presentation on the surfaces. Moreover, peptides can be produced 
synthetically, hence safe, pathogen-free, and reproducible. The integrin-specific cell 
binding peptide motifs thus have been widely used as ECM mimics to modulate cell 






In humans, collagen comprises one third of the total protein, is widely distributed in 
tissues, accounts for three-quarters of the dry weight of skin, and is the most prevalent 
component of the ECM (Shoulders et al. 2009). Its high natural abundance implicates the 
important intrinsic roles that collagen plays in biological system. So far, 28 different 
types of collagen composed of at least 46 distinct polypeptide chains have been identified 
in vertebrates (Brinckmann 2005; Veit et al. 2006). These collagens can be divided into 
several categories, including fibrillar and network-forming collagens, the FACITs (fibril-
associated collagens with interrupted triple helices), MACITs (membrane-associated 
collagens with interrupted triple helices), and MULTIPLEXIBs (multiple triple helix 
domains and interruptions) (Shoulders et al. 2009). Among the various collagens, type I 
collagen is the most abundant, widely distributed, and expressed ubiquitously in the 
human body. Collagen is classified as structural protein in the ECM, but also serves as 
adhesive protein. It has been found that collagen can directly promote the adhesion, 
migration and proliferation of numerous cell types, including hepatocytes, fibroblasts, 
melanoma, keratinocytes and neural crest cells (Faassen et al. 1992; Grzesiak et al. 1992; 
Scharffetter-Kochanek et al. 1992; Perris et al. 1993).   
 
 The defining feature of collagen is its unique triple helix conformation. Collagen consists 
of three parallel polypeptide α chains in a left-handed, polyproline II-type (PPII) helical 
conformation. The three chains are supercoiled around a central axis to form a right-





composed of repeating Gly-Xaa-Yaa units, where Xaa and Yaa are usually proline and 
hydroxyporline although being able to be any amino acids. GlyProHyp is the most 
common triplet and has the best stabilizing effect on the triple helix in natural collagen. 
The Gly residue in the triplet repeat is invariant in natural collagen. ~22% of all residues 
in Xaa and Yaa positions are either Pro or Hyp in the strands of human collagen 
(Ramshaw et al. 1998). The abundance of these residences pre-organizes the individual 
strands in a PPI helical conformation, thus decreasing the entropic cost for collagen 
folding in the biosynthesis process. Hyp, the hydroxylation of Pro residue, in the Yaa 
position increase dramatically the thermal stability of triple helices. This stabilization 
occurs when the Hyp is in the Yaa position but not in the Xaa position (Shoulders et al. 
2009). The triple helix is the fundamental unit of collagen and leads to its characteristic 
structure and function. Tripe helix thus is a basic requirement for collagen-mimetic 
materials. 
 
Collagen fibrillogenesis is of enormous importance to ECM pathology and proper animal 
development.  Initially, collagen is synthesized and secreted from cells in the form of 
soluble procollagen, which is subject to modifications catalysed by procollagen 
metalloproteinases, including removal of N- and C-terminal propeptides. In the case of 
type I collagen, self-assembly begins with three procollagen strands that adopt the PII 
helical conformation and wind around one another to form a supercoiled trimer, the 
procollagen triple helix. After the removal of C- and N-terminal propeptides, the resulting 





staggered fashion to form nanofibrous structure know as collagen fibrils (Ottani et al. 
2001; Ottani et al. 2002). Collagen fibrils in turn further self-assemble both linearly and 
laterally to form collagen fibers with larger diameter. The multiple levels of collagen’s 
structural hierarchy play a major role in the structural integrity of the ECM and provide 
binding sites for other proteins and cells (O'Leary et al. 2011). The self-assembly 
processes involved in collagen fibrillogenesis can give engineers and scientists 
inspiration to fabricate biomimetic materials with better performance for biomedical 
applications 
 
Although the primary, secondary, and tertiary structures of collagen have been known for 
about 40 years, it has only become clear that collagen also plays a role in directly 
supporting cell adhesion one or two decades ago (McCarthy et al. 1996). Several 
integrins, such as α1β1, α2β1, α3β1, α10β1, and α11β1, have been shown to bind to collagen 
and activate cytoplasmic intracellular signaling pathways (Calderwood et al. 1997; 
Gardner et al. 1999; Knight et al. 2000; Xu et al. 2000; Zhang et al. 2003; Siljander et al. 
2004; Tulla et al. 2008). Several cellular recognition sites have been found and identified 
in collagen. Residues from 403-551 of collagen α1(I) are found to support α2β1-mediated 
adhesion and have been found to contain a binding site (DGEA) for hepatocyte α2β1 
integrin receptors (Staatz et al. 1991; Gullberg et al. 1992). Furthermore, the GFOGER 
sequence corresponding to residues 502-507 of collagen α1(I) has been reported to the 
major integrin-receptor binding locus within the type I collagen (Knight et al. 1998; 





means this small domain possesses biological functions only in the conformation of triple 
helix. Following that, several GER-containing recognition sequences have been identified 
and their affinities have been studied and ranked: 
GFOGER>GLOGER>GLSGER>GMOGER>GAOGER≈GASGER≈GQRGERA, 
strengthening the observation that GFOGER is a high affinity sequence (Siljander et al. 
2004). GFOGER or GFOGER-like sequences have been shown to bind to integrins α1β1, 
α2β1 and α11β1, and used to improve cell adhesion and function.  
 
Collagen mimics 
Collagens, being important matrix protein, have been widely used as scaffolding 
materials for tissue engineering. However, it suffers from heterogeneity, potential 
immunogenicity, and loss of structural integrity during the production process, as like 
other ECM proteins (Sakaguchi et al. 1999; Hersel et al. 2003; Lynn et al. 2004). 
Normally, an efficient recombinant source of proteins could avoid these complications. 
However, Hyp that exists abundantly in collagen is ubiquitously expressed by 
mammalian cells but microorganisms. The heterologous production of collagen is thus 
made problematic by the difficulty of incorporating posttranslational modification, such 
as that leading to the essential Hyp residue, and by the need to use complex expression 
systems (Olsen et al. 2003). In contrast, there are many successes in the recapitulation of 






Initially, the preparation of collagen-mimetic peptides (CMPs) was aimed to elucidate 
collagen structure and the factors responsible for the stabilization of the triple helix. Due 
to its large size, insolubility, repetitive sequence, and complex hierarchical structure, 
scientists have employed a reductionist approach using CMPs as model systems to 
fundamentally study and elucidate collagen. One of the pioneering works on CMPs was 
reported by Sakakibara and co-workers in the late 1960s (Sakakibara et al. 1972). Since 
then, many research groups have prepared and studied polypeptides of Gly-Xaa-Yaa 
sequences that fold into triple helical structure. The Gly-Pro-Hyp and Gly-Pro-Hyp 
sequence-based peptides have been widely studied and used, and their melting behaviors 
are documented in the literature. In 1994, Berman and co-workers reported the first high-
resolution crystal structure of a triple-helical CMP (Bella et al. 1994). Unlike collagen 
proteins, CMPs exhibit reversible melting behavior due to their small size (Yu et al. 
2011). When denatured collagen is cooled, the collagen regains only a fraction of its 
original triple helical content and turns into gelatin. In contrast, CMPs regain 100% of its 
original triple helical structure, resulting in more flexible and controllable manipulation 
for practical applications.  
 
The thermal stability of CMPs is related to the structure and function, and thus 
understanding of the origin of structural stability as well as the stabilization factors is 
critical for engineering collagen mimetic materials for various biomedical applications. It 
has been found that the thermal stability of CMPs can be modulated by the number of 





the more triplets in the CMPs, the higher thermal stability the triple helix has. Brodsky 
and co-workers has determined the thermal stability of almost all possible X-Y amino 
acid combination in the Gly-X-Y triplet, and systematically documented their melting 
behaviors (Kramer et al. 1999). Hyp in the Yaa position is known to stabilize the triple 
helix. CMPs containing unnatural residues have also been synthesized and studied. It has 
shown that CMPs with repeating Gly-Nleu-Pro, Gly-Pro-Nleu, and Gly-Pro- FPro (where 
Nleu = N-isobutylglycine, FPro = trans-4-fluoroproline) can enhance the stability of the 
triple helix (Feng et al. 1996; Feng et al. 1997; Holmgren et al. 1999). Additionally, the 
other approach to increase the thermal stability is to biophysically inter-bridge the 
collagen-like peptides in close proximity. The use of a template to covalently hold the 
collagen-mimetic peptides in close proximity can reinforce and direct intramolecular 
folding thus stabilizing the triple-helical structures (Shih et al. 2008).  
 
The characterization and mapping of numerous integrin binding sites in collagen is of 
great benefit to the development of novel biologically active collagen mimetic materials. 
Some researcher groups have combined structural and functional collagen sequences to 
prepare bioactive collagen-like materials for biomedical applications. García and Reyes 
engineered an α2β1-specific bioadhesive surface by “sandwiching” a type I collagen-
derived cell binding motif, GFOGER, into the structural units (GPP)5, which maintains 
the triple helix stability (Reyes et al. 2003; Reyes et al. 2004). The collagen mimetic 
peptide-functionalized surface supported α2β1-mediated cell adhesion and focal adhesion, 





peptide (P-15) ( GTPGPQGIAGQRGVV) derived from residues 766-780 of collagen 
α1(I) is reported to be comparable to collagen for cell binding, which has been used as a 
bioadhesive matrix to promote cell attachment, proliferation and function (Bhatnagar et 
al. 1997; Yang et al. 2004). Recently, Tong’s lab has prepared a bioactive CMP by 
incorporating GFOGER into the repeating structural unit GPO, the sequence of which is 
(GPO)4GFOGER(GPO)4 (Khew et al. 2007; Khew et al. 2007; Khew et al. 2008). This 
CMP has been shown to assemble into the triple helix and possess biological function, 
such as cell adhesion and proliferation, and has been used to modify the surface of 
microspheres to optimize liver cell proliferation and function. 
 
In addition to mimicking triple-helical structure and biological function of collagen, some 
research groups in recent years have developed a variety of CMPs that can self-assemble 
into higher order structure. Such assemblies typically range from nano- to micro-meter 
scales and are aimed to mimic hierarchical structure of collagen. Raines’ group and 
Koide’s group have independently designed and synthesized short collagen fragments in 
which the three strands are held in a staggered array by disulfide bonds (Koide et al. 2005; 
Kotch et al. 2006). Self-assembly of these short, triple-helix fragements was mediated by 
the association of the sticky ends, resulting in collagen fibers as long as 400 nm. 
Maryanoff and co-workers developed a π-stacking approach to produce micrometer-scale 
triple-helical fiber (Cejas et al. 2007). Przybyla and Chmielewski developed a metal-
induced self-assembly approach to obtain collagen fibers (Przybyla et al. 2008; Pires et al. 





synthetic collagen fibers (Rele et al. 2007). All these studies have successfully fabricated 
artificial collagen fibers with some properties of native collagen, which contributed to 
realizing artificial collagen in higher hierarchical order.  
 
ECM adhesive proteins and their mimics 
As a major ECM adhesive protein, fibronectin is involved in many cell processes such as 
cell adhesion, cell migration and embryonic differentiation.  RGDS was first identified 
from fibronectin by Pieschbacher and Ruoslahti, and shown to improve adhesion and 
modulate functions of most cell types (Pierschbacher et al. 1984; Pierschbacher et al. 
1987; Ruoslahti 2003). Approximately one third of different integrins are capable of 
recognizing the RGD sequence to a varying extent.  Due to extremely short sequence and 
high efficacy, RGD has been widely incorporated in biomaterials for medical applications 
(Hersel et al. 2003; Yoon et al. 2004; Guler et al. 2006; Ananthanarayanan et al. 2010; 
Bellis 2011). Laminins, another type of ECM adhesive proteins, are a family of large 
heterotrimeric basement membrance glycoproteins. Laminins have diverse biological 
activities, including promoting cell adhesion, growth, migration, neurite outgrowth and 
differentiation.  IKVAV sequence, one of the most potent active sits of laminin, has been 
widely used in biomaterials to promote cell adhesion and neurite outgrowth (Graf et al. 







2.3 The mimicking means: molecular self-assembly 
 
Nature inspires not only the materials themselves but also the means by which they are 
made (Huebsch et al. 2009). Self-assembly is ubiquitous in nature at both macroscopic 
and microscopic scales and describes the spontaneous association and organization of 
numerous individuals into coherent and well-defined structures without external structure 
(Zhao et al. 2004; Zhao et al. 2006). In biological systems, molecular self-assembly is the 
arguably most important and fundamental approach to construct complex, well-defined 
and functional architectures. Molecular self-assembly results from balancing different 
weak and noncovalent interactions, including hydrogen and ionic bonds, and hydrophobic 
and van der Waals interactions. The natural biomaterials, such as the ECM and the 
cytoskeleton, are constructed on the small scales by self-assembly, a bottom-up means of 
fabrication that facilities construction of information-rich, complex structures in a highly 
reproducible manner with minimal energy input (Huebsch et al. 2009). Molecular self-
assembly is an ideal mimicking way for materials engineers and scientists to fabricate 
biomimetic materials capable of closely resembling the structure and function of native 
matrix.  
 
Self-assembling peptide systems 
As basic structural and functional building blocks in biological systems, peptides have 
been recognized as highly suitable candidates for creating self-assembling nanofibers for 





and used to produce 3D fibrous scaffolds for tissue engineering and regenerative 
medicine. For instance, a class of self-complementary ionic peptides which are inspired 
by the Z-DNA binding protein zoutin, has been developed and systematically 
investigated by Zhang and co-workers (Zhao et al. 2004; Zhao et al. 2006). The designed 
peptide sequences that contain two distinct hydrophobic and hydrophilic faces are able to 
form beta sheet structures in aqueous solution. Moreover, the hydrophilic face of peptides 
consists of complementary ionic bonds, as a result of which they can undergo ordered 
self-assembly to form long nanofibers and further entangle into 3D fibrous hydrogel 
network. Biomaterials prepared from this system have been studied for a number of 
applications, such as scaffolding for tissue engineering and drug control release. Among 
them, RAD16 (RADARADARADARADA) that can spontaneously form 3D fibrous 
hydrogel in aqueous solution is one of the first commercially available self-assembling 
peptides. 
 
Another widely studied system is an α-helical coiled-coil peptide system that can self-
assemble into nanofibers and further entangle into 3D fibrous hydrogel network. Inspired 
from leucine-zipper motifs, Woolfson and co-workers have rationally designed peptides 
with a coiled-coil heptad sequence repeat, abcdegf, with isoleucine and leucine at the a 
and d sites, respectively, ensuring coiled-coiled dimerization (Pandya et al. 2000; 
Woolfson et al. 2006; Boyle et al. 2011). To direct staggered assembly of peptides and 
fibril formation, they incorporated lysine at e site and glutamate at g site to allow ionic 





prepared depending on the modification of the coiled-coil heptad sequence (Ryadnov et 
al. 2003; Banwell et al. 2009). Due to the inability to tolerate variation of peptide 
sequence, this system is unable to present various peptide sequences with specific 
structural conformation. In addition, a variety of other peptides capable of self-
assembling into nanofibers have also been developed and applied by Aggeli (Aggeli et al. 
1997; Aggeli et al. 2001; Fishwick et al. 2003), Hartegrink (Dong et al. 2007; Aulisa et 
al. 2009), Ulijin (Jayawarna et al. 2006; Smith et al. 2008), and Xu (Yang et al. 2006). 
  
Apart from the use of peptides as building blocks, peptide derivatives have also been 
used to produce self-assembling nanostructures for biomedical applications. The most 
widely studied example is peptide amphiphiles typically consisting of a hydrophobic 
alkyl tail and a peptide sequence with overall hydrophilicity. Due to its super versatility 
in structure and functionality, the self-assembling PA system has been widely applied to 
prepare biomaterials for biomedical applications. The self-assembling PA system was 
used as the mimicking means by which the biomimetic materials were prepared for 
biomedical applications in this thesis. 
 
Peptide amphiphiles 
The system of single-tail peptide amphiphiles (PAs) was first developed by Hartgerink 
and Stupp (Hartgerink et al. 2001). Over the past decade, a broad range of similar 
amphiphilic molecules to create self-assembling nanofibers have been designed and used 





al. 2010; Webber et al. 2010; Zhang et al. 2010; Angeloni et al. 2011; Chow et al. 2011). 
The amphililic molecules of PAs are prepared by conjugating a hydrophobic alkyl tail to 
a peptide sequence with overall hydrophilicity. The typical chemical structure of PAs is 
composed of four key structural features. The hydrophobic domain, segment 1, typically 
consists of an alkyl chain. Segment 2, beta-sheet forming domain, consists of few amino 
acids (normally 4 to 6) capable of forming intermolecular hydrogen bonding thus 
resulting in beta-sheet structure. Segment 3 contains negatively or positively charged 
amino acids, aiming to enhance solubility in water and make PA system controllable by 
pH or salt. Segment 4, the most flexible domain, is used for the presentation of various 
bioactive motifs that have particular conformation and are able to interact with cells or 
proteins. The super versatility of PA system through tailoring the four basic design 
elements enables the formation of nanostructures with desired structure and function and 
provides great potential for a number of applications. 
 
The first design element of the PA is the amphiphilicity that results from the 
incorporation of the hydrophobic alkyl tail into the hydrophilic peptide sequence. This 
design element allows the self-assembled nanostructures to specifically present peptide 
signals on the nanofiber periphery and enables the engineering of different types of 
bioactive epitopes on the nanofiber surfaces. The hydrophobic tails are tunable by using 
different alkyl chain length, by employing different hydrophobic components or by cross-
linking for enhanced robustness and stability of PA system (Cui et al. 2010). Palmitic 






The second design element is the short peptide sequence adjacent to the hydrophobic tail. 
Although most amino acids can be presented in this segment, this short peptide typically 
consist of hydrophobic amino acid, such as Alanin and Valin, with strong propensity to 
form intermolecular hydrogen bonding. It should be emphasized that Proline and 
Hydroxyproline presenting in this segement may interfere the formation of beta-sheet 
structure (Jun et al. 2006). Hartgerink and co-workers investigated the role of this 
segment and found that only the four amino acids closest to the alkyl tail participate in 
the formation of hydrogen bonding (Paramonov et al. 2006; Dong et al. 2007). In 
collaboration with the hydrophobic collapse in water, this segment functions to direct the 
self-assembly of PAs into nanofibers as opposed to spherical micelles or vesicles. 
Recently, it has been found that this segment, through delicate selection of amino acid 
type, can be used to tune the morphology of 1D fibrous nanostructure and to control the 
mechanical properties of the resulting 3D fibrous hydrogel network (Niece et al. 2003; 
Cui et al. 2009).  
 
The third design element is the addition of charged amino acids following the beta-sheet 
segment. This design element has several purposes, like enhancing solubility of the PAs 
in water, creating space for epitope to form particular conformation, and making self-
assembling process controllable by pH or salt. This salt or pH-responsive design element 






The last design element is the incorporation of different peptide epitopes that possess 
particular conformation and present biological function without changing the cylindrical 
geometry. ECM-derived peptide sequences capable of promoting cell adhesion and 
function are incorporated in this segment and presented on the surface of self-assembled 
nanofibers. RGD was widely used to incorporate into PAs for presenting biological 
functions on the surface of self-assembled nanofibers, such as promoting cell adhesion 
and proliferation. Another epitope, IKVAV, was also frequently incorporated into PA 
nanofibers for neural applications (Niece et al. 2003; Silva et al. 2004). 
 
Approaches to program PA self-assembly  
The driving forces that govern self-assembly of PAs in water are attributed to at least 
three major interactions: hydrophobic collapse of the alky tails, hydrogen bonding among 
the middle peptide sequence, and electrostatic repulsions between the charged amino 
acids. The first two are constructive forces that tend to promote the self-assembly of PA 
molecules, whereas electrostatic repulsions from the charged segment favor dissociation 
of PA systems. Delicate balance of each of these forces can lead to self-assembled 
nanostructures with desired shape, size and function. The approaches that are used to 
program self-assembly arise from the manipulation of these molecular forces. 
Strategically, it can be implemented through molecular sequence design, variation of the 






One simple example of programming self-assembly based on molecular sequence design 
is to alter the length of the hydrophobic tail or the number of charged amino acids thus 
tailoring the PA nanostructures. It has been shown that the length and the diameter of the 
resulting nanostructures can be influenced by these two modifications. In addition, the 
modification of the middle peptide segment of Pas can be used to program the shape of 
self-assembled nanostructures. For instance, by introducing an alternating hydrophobic 
and hydrophilic amino acid sequence within the middle peptide segment, it has been 
found that the PA molecules self-assembled into new structure of nanobelt (Cui et al. 
2009). Moreover, the gelation behavior of 3D fibrous network can be tunable by the 
modification of the middle peptide segment. It has been found that the introduction of 
more bulky and hydrophilic residues, such as SLSLGGG instead of AAAAGGG, 
significantly increase the time for gelation (Niece et al. 2008).  
 
Other than molecular design, the co-assembly of multiple PAs is another example to 
produce novel nanostructures through adjusting electrostatic attraction. Two types of PAs 
containing oppositely charged segments and carrying different peptide epitopes have 
been prepared to form hybrid nanofibers (Niece et al. 2003), demonstrating the 
possibility of the PA systems to simultaneously present a variety of biological functions. 
The co-assembly may be an ideal approach to achieve the aim of integrating different 
ECM-derived peptide sequences into single architecture to more closely resemble the 






Lastly, the introduction of new molecular forces may result in the re-arrangement and re-
balance of different molecular forces, which may lead to the generation of new 
nanostructures. For instance, hydrophobic molecular templates have been introduced into 
PA system thus introducing new force of hydrophobic interaction. The introduction of 
hydrophobic templates with precise length led to the precise control over the length of 
self-assembled PA nanofibers (Bull et al. 2008; Palmer et al. 2008). In addition, another 
force of covalent cross-linking has been introduced to increase the physical and chemical 
robustness of the self-assembled PA nanostructures. The polymerization of diacetylene 
groups incorporated in the hydrophobic tails of Pas resulted in the formation of highly 
stable self-assemble PA nanofibers (Hsu et al. 2008).  
 
Functionalization of self-assembled PA nanostructures 
For biomedical applications, self-assembling PA nanostructures are frequently 
functionalized by the addition of different peptide epitopes. For example, cell binding 
motif RGDS in linear, branched, double-branched, or cyclic geometries has been 
incorporated in PAs. One PA system presenting RGDS was developed and optimized for 
biological adhesion as a scaffold for the therapeutic delivery of bone marrow 
mononuclear cells (Webber et al. 2010). In addition, branched RGDS-presenting PAs 
have been used to coat onto poly (glycolic acid) tissue engineering materials, indicating 
significantly enhanced adhesion of primary human bladder cells (Harrington et al. 2006). 
Moreover, RGDS-presenting PA nanofibers displayed significantly more bioactive than 





vital role of nanostructure shape in the bioactivity and demonstrated the necessity of 
presenting fibrous structure in biomimetic materials at the nanometer scale (Muraoka et 
al. 2009).  
 
Another cell binding motif, laminin-derived IKVAV, has also been used to functionalize 
PA systems, showing enhanced neural attachment, migration, and neurite outgrowth. It 
has been found that neural progenitor cells (NPCs) cultured in IKVAV-functionalized PA 
hydrogel quickly undergo selective and rapid differentiation into neurons with the 
formation of astrocytes being largely suppressed (Silva et al. 2004). This selective 
differentiation was even greater for NPCs cultured in the IKVAV-based PA network than 
for cells cultured within laminin. This observed response is presumably because of the 
high epitope density presented on the nanofiber surface. PA nanofibers were estimated to 
display IKVAV epitopes in densities that could be up to 1000 times greater than those 
expected from ordered arrays of native laminin. Such case indicates the advantage of 











MATERIALS AND METHODS 
 
 
3.1 Materials  
 
All peptide synthesis chemicals and solvents were of analytic reagent grade or better. All 
Fmoc protected amino acids, coupling reagent PyBop, Fmoc-Gly-Wang resin were 
purchased from Novabiochem (San Diego, CA). PLGA (50:50, MW 45000Da) were 
purchased from Sigma-Aldrich (MO, USA). PHBV (8% PHV) was purchased from 
Sigma-Aldrich (St. Louis, MO). Poly(vinyl alcohol) (PVA; molecular weight 6000) was 
obtained from Polysciences (Warrington, PA). Chemical solvents were purchased from 
Sigma-Aldrich unless otherwise stated. Only ultrapure water (filtered through 0.22 μm 
filter) was used for dissolving samples. 
 
 
3.2 Experimental section of chapter 4 
 
Peptide synthesis 
All peptides were synthesized in-house on an automated Multipep peptide synthesizer 
(Intavis, Cologne, Germany). All peptides were assembled on fluorenyl-methoxy-





scale. Stepwise couplings of amino acids were accomplished using a double coupling 
method with 5-fold excesses of amino acids, equivalent activator reagents, PyBop, and 
two equivalents of base, N-methylmorpholine. The removal of Fmoc was completed 
using 20% piperidine in dimethylformamide (DMF). Cycles of deprotection, washing, 
double coupling, and washing were repeated until the desired peptide sequence was 
achieved. After the peptide portion of the molecule was prepared, the resin was removed 
from the automated synthesizer and the N terminus was capped with a fatty acid 
containing 16 carbon atoms. The alkylation reaction was accomplished using five 
equivalents of the fatty acid, five equivalents of PyBop, and two equivalents of base, N-
Methylmorpholine. The reaction was allowed to proceed for at least 6 h after which it 
was monitored by ninhydrin. The alkylation reaction was repeated until the ninhydrin test 
was negative. Then the dried peptidyl resin was cleaved by a cocktail solution composed 
of 95% trifluoroacetic acid (TFA), 2.5% deionized water, and 2.5% triethylsilane (v/v). 
The purity of all peptides was greater than 90% according to analytical reverse phase 
HPLC and matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass 
spectroscopy on a Bruker Auto-Flex II MALDI-TOF mass spectroscope (Bruker, Bremen, 
Germany).  
 
Critical micelle concentration (CMC) 
CPAs solutions containing pyrene (0.6 mm) were prepared at various concentrations in 
water. When excited at 337 nm, the electrons in the pyrene molecules absorb energy and 





peaks in the fluorescence spectrum of pyrene. At a concentration of amphiphile above the 
CMC, micellar nanoparticles were formed with a hydrophobic core and a hydrophilic 
shell. The pyrene molecules were thus solubilized into the core of the nanoparticles, 
leading to a higher intensity for the third peak in the emission spectrum. Therefore, 
monitoring the intensity of the third peak (I3) of the pyrene emission spectra, which is 
usually normalized to the intensity of the first peak (I1), provides a means to estimate the 
transition concentration (i.e., CMC) of the amphiphile aggregation. 
 
Self-assembly of CPAs into nanofibers 
Samples of 1 mg/mL concentration were dissolved in water and stored at 4°C at least 2 d 
prior to base-induced assembly. The samples were placed in a small glass vial with an 
open top. This vial and a second open tap vial filled with NH4OH were placed together in 
a sealed glass chamber where the NH4OH vapor was allowed to slowly diffuse into the 
PA solution.  
 
Transmission electron microscopy 
TEM images were taken on a JEOL JEM 2010. The samples were prepared on a holey 
carbon copper grid. Negative staining was carried out with 1 wt% phosphotungstic acid 
in water. TEM grids were prepared by casting 10 μL of PAs onto the carbon side of the 
grid, followed by wicking off the excess moisture with filter paper after 1 min. Negative 
staining was then performed by placing the grid carbon-side down on a droplet of filtered 





before imaging. In all cases, electron microscopy was performed at an acceleration 
voltage of 200 kV. 
 
Circular Dichroism Spectroscopy 
Circular dichroism (CD) measurements were performed on a J-810 spectropolarimeter 
(Jasco, Great Dunmow, Essex, UK) using a 1 mm quartz cuvette (Hellma, Germany). All 
samples were prepared and stored at 4
o
C for at least 3 d before the test, to allow for 
proper equilibration of the triple-helical conformation. A volumn of 200 μL of samples 
was used for each measurement. The CD spectra were obtained using continuous 




Melting studies were performed on a J-810 spectropolarimeter (Jasco, Great Dunmow, 
Essex, UK) using a 1 mm quartz cuvette (Hellma, Germany). Melting point curves were 
obtained by recording the ellipticity at 225 nm, while the temperature was continuously 
increased between 5-80°C, at a rate of 0.25°C/min. For samples exhibiting sigmoidal 
melting curves, the reflection point in the transition region (first derivative) is defined as 
the melting temperature (Tm). Peptides and peptide-amphiphiles were prepared and stored 
at 4°C at least 24 h prior to the experiments. In the refolding studies, the samples were 





were obtained by recording the ellipticity at 225 nm while the temperature was 
continuously decreased from 80-5°C at a rate of 0.25°C/min.  
 
Cell culture 
HepG2 liver cells (ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle 
medium (DMEM) (Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum 
(Hyclon, Logan, UT), 110mg/L sodium pyruvate (Sigma-Aldrich), 1% antimycotic 
solution (Sigma-Aldrich), and 1% nonessential amino acids (Sigma). The cells were 
maintained in 2 different 75-cm
2
 T-flasks and incubated at 37°C in the presence of 5% 
carbon dioxide (CO2) and 95% relative humidity in an Autoflow NU-4850 CO2 water-
jacketed incubator (NuAire Inc., Plymouth, MN).  
 
Cell adhesion assay 
Nunclon Delta TC Microwell plates were coated with one thin layer of either a) collagen, 
b) CPA1, c) CPA2 or d) CPA3. The concentration and volume of coated materials is 
0.5mg/mL and 100 µL. In the blank group, the wells of plate were coated with heat-
denatured BSA (Sigma-Aldrich). Before culturing cells, the CPA gels were washed with 
PBS solution five times, and then were incubated overnight in PBS solution . After this 
treatment, the pH was reduced to 7-8 and there were no apparent damage to the structure 
of the peptide gels. Then a volume of 100 mL of HepG2 cell suspension in serum-free 
DMEM (10 x 10
5
 cells/mL) was then added and incubated for 1 h at 20°C. Unattached 





deoxyribonucleic acid (DNA) quantification assay (Hoechst 33258, Sigma-Aldrich). 
Briefly, the cells were lyzed using 3 freeze–thaw cycles in ultra-pure water, and the cell 
lysates were mixed with 2 mg/mL bisbenzimide in 10mM TrisHCl (pH 7.4), 1 mM 
ethylenediaminetetraacetic acid (EDTA) and 0.2M sodium chloride (NaCl) fluorescence 
assay buffer and were incubated in the dark for 30 min. The fluorescence was read on a 
microplate reader (Tecan infinite M200) using an excitation wavelength of 360 nm and 
an emission wavelength of 465 nm. Assays were conducted in triplicate, and the data 
were expressed as means ± standard deviations (SDs). Bovine serum albumin–coated 
wells were used as a baseline reference level, and the adhesion to the collagen-coated 
well was used as a 100% reference level. 
 
Immunofluorescence staining 
Cover slips were coated with one thin layer of either collagen, CPA1, CPA2 or CPA3. 
The concentration and volume of coated materials is 0.5mg/mL and 100 µL. Before 
culturing cells, the cover slips were washed using PBS solution five times, and incubated 
overnight. Then HepG2 cells were allowed to adhere on the cover slips at a density of 
280 cells/mm
2
 in serum-free medium for 3 h. Attached cells were fixed in cold 3.7% 
formaldehyde for 5 min, permeabilized with 0.1% Triton X-100 for 5 min, and blocked in 
blocking buffer (1% BSA in PBS) for 0.5 h. The cell actin cytoskeleton and cell nucleus 
were stained by incubating the cells with phalloidin–tetramethylrhodamine isothiocyanate 
(TRITC) (Sigma–Aldrich) (1:1000 dilution in PBS) for 1 h and Hoechst (Sigma-Aldrich) 







The data are presented as means ± SDs. The statistical analysis of the data was done 
using the Student t-test. A 95% confidence level was considered significant. 
 
 
3.3 Experimental section of chapter 5 
 
Microsphere Preparation 
A solvent evaporation technique was used to fabricate PHBV microspheres in previous 
work [25]. Briefly, 1 mL of 0.05%(w/v) PVA in phosphate buffered saline (PBS, pH7.4) 
was added to 12 mL of 50 mg/mL of PHBV solution prepared in chloroform, and the 
mixture was emulsified using a T25B homogenizer (Ika Labortechnik, Staufen, Germany) 
for 15 s. The homogenized mixture was immediately transferred dropwise into 300mL of 
0.05% (w/v) PVA solution and mechanically stirred at 300 rpm for 3 h. The product was 
freeze-dried until a constant weight was obtained. The PHBV microspheres were sieved 
to obtain a size distribution of 200 to 300 µm as determined using an LS230 particle size 
analyzer (Coulter, Miami, FL), and the surface morphology was examined using a JSM-
5600VL scanning electron microscope (SEM) (JEOL, Tokyo, Japan).  
 
Porous polymeric scaffolds 
Porous PLGA scaffolds were fabricated using salt-leaching technique [26]. Two grams of 





200 mg/mL. Sodium chloride (NaCl) particles, sieved to obtain size range of 250-300 µm, 
were mixed with PHBV microspheres. Then, these solid particles (with PHBV or without 
PHBV microspheres) were poured unto a Teflon well-plate which served as a mold and 
was slightly shaken to ensure a thorough settlement of solid particles on the bottom 
surface. 500 µL of PLGA solution was then pipetted into the solid-filled well-plate. The 
well-plate was immediately air-proofed and transferred to disperse using ultrasonic 
dispersion for 5 mins. The well-plate was then exposed in air for overnight to evaporate 
the solvent off. Next, the well-plate was heated to 50°C in a water bath for 25 mins 
before the scaffolds were removed. This was followed by immersion of scaffolds in ultra-
purified water to dissolve all the NaCl particles for 2 days. Scaffolds were then dried and 
kept for further usage. The morphology of scaffolds with or without PHBV microspheres 
was observed using SEM. In addition, PLGA scaffold was stained with coumarin 6 and 




All peptides were synthesized in-house on an automated Multipep peptide synthesizer 
(Intavis, Cologne, Germany) as described in section 3.2.  
 
Transmission electron microscopy 
By gentle mixture, two types of synthetic peptide amphiphiles with opposite charges 





TEM of JEOL JEM 2010. The nanofiber samples were prepared on a holey carbon 
copper grid. Negative staining was carried out with 1 wt% phosphotungstic acid in water. 
TEM grids were prepared by casting 10 μL of nanofiber solution onto the carbon side of 
the grid, followed by wicking off the excess moisture with filter paper after 1 min. 
Negative staining was then performed by placing the grid carbon-side down on a droplet 
of filtered phosphotungstic acid solution for 30s. The TEM samples were air-dried for at 
least 3 h before imaging. In all cases, electron microscopy was performed at an 
acceleration voltage of 200 kV.  
 
Network structure of peptide hydrogel 
The network structure of the co-assembled PA hydrogel was imaged by SEM after the 
gels were critically point dried. Critical-point drying is an established SEM sample 
preparation technique that allows delicate, hydrated samples to be dried without the 
structural damage associated with air drying. The gels formed for SEM analysis were 
made by gentle mixing PA solutions. The final concentration of PAs was 1% (w/v). After 
the gels were made, the water was slowly exchanged with a series of water-ethanol 
mixtures until the gel was in 100% ethanol. The ethanol exchange was done slowly to 
minimize the effect of changing the solvent on the gel structure. The samples were then 
critically point dried in a Polaron E3000 critical point drying apparatus and were sputter 
coated with 3 nm of a gold palladium alloy in a Cressington 208 HR sputter coater, and 
finally were observed using SEM. In addition, prior to being mixed together, PAs were 





form hybrid nanofiber with fluorescence, which was observed using confocal laser 
scanning microscopy (CLSM).  
 
Visualization of cell–nanofiber interaction 
Co-assembled nanofibers were added to the glass coverslips (12 mm) placed into 24-well 
tissue culture plates. HepG2 cells (20,000) were plated onto each coated coverslip and 
cultured for 1 day in serum-free DMEM. The samples were processed for SEM by 
fixation in 2% glutaraldehyde in PBS for 1 h at 4°C followed by sequential dehydration 
in ethanol. Samples were then dried by critical point drying technique and coated with a 




HepG2 liver cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (Gibco, 
Grand Island, NY) as described in section 3.2  
 
Cell adhesion assay 
Nunclon Delta TC Microwell plates were coated with one layer of either collagen, 
fibronectin, combination of collagen and fibronectin, RGDS-PA, GFOGER-PA, or 
combination of RGDS & GFOGER-PAs. The concentration and volume of coated 
materials is 0.5mg/mL and 100 µL. In the blank group, the wells of plate were coated 





suspension in serum-free DMEM (10 x 10
5
 cells/mL) was then added and incubated for 1 
h at 20°C. Unattached cells were washed away with PBS twice. Adhered cells were 
measured using a total deoxyribonucleic acid (DNA) quantification assay (Hoechst 33258, 
Sigma-Aldrich). Briefly, the cells were lyzed using 3 freeze–thaw cycles in ultra-pure 
water, and the cell lysates were mixed with 2 mg/mL bisbenzimide in 10mM TrisHCl 
(pH 7.4), 1mM ethylenediaminetetraacetic acid (EDTA) and 0.2M NaCl fluorescence 
assay buffer and were incubated in the dark for 30 min. The fluorescence was read on a 
microplate reader (Tecan infinite M200) using an excitation wavelength of 360 nm and 
an emission wavelength of 465 nm. Assays were conducted in triplicate, and the data 
were expressed as means ± standard deviations (SDs). Cell adhesion to the collagen-
coated well was used as a 100% reference level.  
 
Cell spreading assay 
Nunclon Delta TC Microwell plates were coated with one layer of either collagen, 
fibronectin, combination of collagen and fibronectin, RGDS-PA, GFOGER-PA, or 
combination of RGDS & GFOGER-PAs. The concentration and volume of coated 
materials is 0.5mg/mL and 100 µL. In the blank group, the wells of plate were coated 
with heat-denatured BSA. A volume of 100 μL of HepG2 cells suspension in serum-free 
DMEM (10
4
 cells/mL) was then seeded on the coated surface of well-plate. Photos were 
taken for each well using a light microscopy after incubation of 0.5 h, 1 h, 2 h, 





that flattened and spread out were counted. Final results were expressed as percentage of 
attached cells.  
 
Hybrid gel/scaffold system 
Porous polymeric scaffolds were first immersed in 70% ethanol solution for 2 hours for 
sterilization. Scaffolds to be filled with PA gel were immersed in GFOGER-PA solution 
for 4 hours. Subsequently, RGDS-PA solution was dropped onto the surface of wet 
scaffolds. By the effects of gravity force and capillary force, the mixture was 
spontaneously absorbed into scaffolds. The PA hydrogel could form inside scaffolds 
within few seconds when RGDS-PA and GFOGER-PA encountered. The PA gels were 
supposed to occupy the empty pores of scaffolds. Samples were then dried and coated 
with a gold palladium alloy in a Cressington 208 HR sputter coater, and finally were 
observed using SEM. In addition, CLSM was used to observe the structure of scaffolds 
filled with PA gels, where scaffolds were stained with coumarin 6 and PA gels were 
stained with Nile red, respectively.  
 
Hybrid cell/gel/scaffold system 
Porous polymeric scaffolds were first immersed in 70% ethanol solution for 2 hours for 
sterilization. After removing ethanol, scaffolds used as control were pre-wet in the water 
while scaffolds to be filled with PA gel were immersed in GFOGER-PA solution for 4 
hours. Subsequently, RGDS-PA solution together with a mixture of cells and DMEM 





and capillary force, the mixture was spontaneously absorbed into scaffolds. The PA gel 
encapsulated with cells can form inside scaffolds within few seconds. The PA gels 
formed inside scaffolds were supposed to surround cells to form cells/gel/scaffold 
construct. The cells/gel/scaffold constructs were incubated at 37°C in a humidified 
incubator for pre-set days. After pre-set days, cells grown on scaffolds were fixed with 
4% paraformaldehyde for 20-30 min at room temperature. The cell/gel/scaffolds 
constructs were washed with PBS once and twice with mixture of PBS and 100mM of 
ammonium chloride before neutralizing again with PBS. Cells were then permeabilized 
with 0.2% saponin 100 for 15 min. Staining of cells was done by incubating 
cells/gel/scaffold constructs in blocking buffer containing PBS, 2% BSA, 5%  sterilized 
and filtered fetal bovine serum for 1 h. The actin cytoskeleton and cell nucleus were 
stained by incubating the cells with phalloidin–tetramethylrhodamine isothiocyanate 
(TRITC) (1:1000 dilution in PBS) and with 4΄, 6-diamidino-2-phenylindole (DAPI) 
(1:1000 dilution in PBS) for 1 h. Samples then were observed under CLSM. 
 
Cell proliferation  
Cell number was measured using total DNA quantification. Briefly, cells/gel/scaffold 
constructs were rinsed twice with PBS solution and lyzed for 3 h in 200 µL of a lysis 
cocktail containing 0.25 v/v percentage trypsin and 2.5 v/v percentage lysis buffer 
(Promega, San Luis Obispo, CA) in ultra-pure water followed by 3 freeze–thaw cycles. 
The cell lysates were mixed with 2 mg/mL bisbenzimide in 10 mM TrisHCl (pH 7.4), 1 





min. The fluorescence was read on a GENious microplate reader using an excitation 
wavelength of 360 nm and an emission wavelength of 465 nm. Serial lysates of known 
cell numbers were used to calibrate the fluorescent intensity to cell number. 
 
Albumin secretion  
Albumin secretion by liver cells was measured using a human albumin enzyme-linked 
immunosorbent assay (ELISA) quantification kit (Bethyl, Montgomery, TX), which is 
based on the antibody-sandwich mechanism. At predetermined time points (days 3, 6, 10, 
and 14), the supernatant was aspirated from the wells and centrifuged at 13000 rpm for 
5min, filtered through a 0.45-mm Millipore filter (Millipore, Billerica,MA), and stored at 
-80°C until required for analysis. 
 
Statistical analysis 
The data are presented as means±SDs. The statistical analysis of the data was done using 
the Student t-test. A 95% confidence level was considered significant. 
 
 
3.4 Experimental section of chapter 6 
 
Peptide synthesis 
All peptides were synthesized in-house on an automated Multipep peptide synthesizer 






Fiber formation and gelation of PAs 
Each of PAs was dissolved in aqueous solution. The PAs solution was mixed with NaOH 
of different pH values or was induced by NH4OH vapor, to self-assemble into fibers. In 
detail, PAs samples were dissolved in water and placed in a small glass vial with an open 
top. This vial and a second open tap vial filled with NH4OH were placed together in a 
sealed glass chamber where the NH4OH vapor was allowed to slowly diffuse into the PAs 
solutions. After few minutes of induction of NH4OH, PAs self-assembled into fibers to 
form gels.  
 
Transmission electron microscopy 
TEM images were taken on a JEOL JEM 2010 operating at 200 kV accelerating voltage. 
The PAs samples after the screening of positive charges were prepared on a holey carbon 
copper grid. Negative staining was carried out with 1 wt% phosphotungstic acid in water. 
TEM grids were prepared by casting 10 μl of PAs fiber solution onto the carbon side of 
the grid, followed by wicking off the excess moisture with filter paper after 1 min. 
Negative staining was then performed by placing the grid carbon-side down on a droplet 
of filtered phosphotungstic acid solution for 30 s. The TEM samples were air-dried for at 
least 3 h before imaging. In all cases, electron microscopy was performed at an 






Scanning Electron Microscopy 
The network structure of self-assembled PAs gels was imaged by SEM after the gels 
were critically point dried. Critical-point drying is an established SEM sample 
preparation technique that allows delicate, hydrated samples to be dried without the 
structural damage associated with air drying. The gels formed for SEM analysis were 
made by base induction of NH4OH into PAs solutions. The final concentration of PAs 
was 0.2% (w/v). After the gels were made, the water was slowly exchanged by a series of 
water-ethanol mixtures until the gel was in 100% ethanol. The ethanol exchange was 
done slowly to minimize the effect of changing the solvent on the gel structure. The 
samples were then critically point dried in a critical point drying apparatus and sputter 
coated with 3 nm of a gold palladium alloy and finally were observed using a JSM-
5600VL scanning electron microscope (JEOL, Tokyo, Japan).  
 
Stop-flow analysis 
Time courses for the changes in light scttering intensity of PAs upon mixing with NaOH 
solution were determined using an Applied Photophysics chirascan circular dichroism 
spectrometer (equipped with SX20 stopped-flow) at a wavelength of 577 nm and the 
detection at a 90°C angles to the light path. To measure self-assembly of PAs at different 
pH values, PAs with a concentration of 0.2 mg/ml was prepared and placed in the sample 
syringe. The second syringe contained NaOH solution with various pH of 7, 11 and 13, 
respectively. Equal volumes from each syringe were injected into the mixing chamber, 





were collected at each pH value of NaOH. In the experiment of inhibition, PAs with a 
concentration of 0.15 mg/ml was mixed with peptide RGD at different concentrations of 
0.05 mg/ml and 0.1 mg/ml and then placed in the sample syringe. The second syringe 
contained NaOH solution at pH 11. Equal volumes from each syringe were injected into 
the mixing chamber, and data points were collected using a logarithmic time base. 
Dynamic trace at each composition is averaged from 5-10 successive shots. 
 
 
3.4 Experimental section of chapter 7 
 
Peptide synthesis 
All peptides were synthesized in-house on an automated Multipep peptide synthesizer 
(Intavis, Cologne, Germany) as described in section 3.2.  
 
Preparation of assembled PA nanostructures 
PA samples were dissolved in MilliQ water to form pure PA micelle solutions of 1 
mg/mL concentration. Benzoyl peroxide (BPO) (Sigma-Alrich) of high purity was 
dissolved in acetone to 4 mg/mL, and 10 µl of BPO solution was added to a 1.5 mL glass 
vial with an open top for 3 hours to completely evaporate the acetone. Prepared 1 mL 
pure PA micelle solution was transferred to the glass vial with dry BPO, and incubated 
for overnight at room temperature under gentle shaking. Hydrophobic BPO molecules 





encapsulated with BPO were mixed well with PA solutions without BPO at desirable 
ratios to prepare mixed PA micelle solutions.  
 
The mixed PA micelle solutions with different ratios of BPO were immediately induced 
by sodium hydroxide (NaOH) to self-assemble into PA nanofibers. The self-assembled 
PA solutions were placed in reaction vessels before polymerization. The reaction vessels 
were prepurged with nitrogen gas for 30 mins to displace the oxygen, and the self-
assembled PA solutions in reaction vessels were heated to 80 °C for 10 hours. The self-
assembled PA solutions after polymerization reaction were characterized using TEM, CD 
and DLS. 
 
After polymerization, the self-assembled PA solutions underwent disassembly process. 
Hydrochloric acid (HCl) was added into the PA solutions to decrease pH value to 3. The 
PA solutions with low pH value were incubated for several days. Then, the PA solutions 
underwent sonication for 1 hour before characterization by TEM, CD and DLS. Finally, 
the disassembled PA solutions underwent reassembly process by adding NaOH to 
increase pH value to 11. The PA solutions with high pH value were incubated for 
overnight before characterization. 
 
Transmission Electron Microscopy 
TEM images were taken on a JEOL JEM 2010 operating at 200 kV accelerating voltage. 





out with 1 wt % phosphotungstic acid in water. TEM grids were prepared by casting 10 
μL of PA samples onto the carbon side of the grid, followed by wicking off the excess 
moisture with filter paper after 1 min. Negative staining was then performed by placing 
the grid carbon-side down on a droplet of filtered phosphotungstic acid solution for 30 s, 
after which the excess was wicked off with filter paper. The TEM samples were air-dried 
for overnight before imaging.  
 
Images were analysed using the ImageJ software package developed at the US National 
Institute of Health. For the statistical length analysis, 450-550 cylinders were carefully 
traced by hand to determine the contour length. Each TEM micrograph was analysed 
completely, i.e. every cylindrical micelle in each image was counted in order to reduce 
subjectivity. From this data Ln and Lw of each sample of nanofibers was calculated as 
shown below (L = length of object, N = number).  
 
Circular Dichroism Spectroscopy 
Circular dichroism measurements were performed on a J-810 spectropolarimeter (Jasco, 
Great Dunmow, Essex, UK) using a 1 mm quartz cuvette (Hellma, Germany). The 
concentration was optimized for the instrument by dilution using MilliQ water. A volume 
of 200 μL of PA samples was used for each measurement. The CD spectra were obtained 







Dynamic Light Scattering 
DLS was used to measure the size of PA samples. The concentration was optimized for 
the instrument by dilution using MilliQ water. The samples of 800 μL were loaded into a 
quartz cuvette and measurements were taken on a nano series Malvern zetasizer 
instrument. All measurements were performed using a 633 nm laser at a 90° angle with at 






























Collagen is the most prevalent component in the extracellular matrix (ECM), providing 
not only structural support but also functional instruction. The fibrillar structure of 
collagen is important for cell attachment, proliferation, and differentiated function in 
tissue culture. It is believed that mimicking collagen’s structure and function of tissue-
engineering scaffolds may lead to engineered tissues more closely resembling native 
tissues. This chapter is to demonstrate the strategy of fabricating collagen-mimetic 
materials which are able to resemble the features of collagen in terms of triple helix 
conformation, cell-binding activity and fibrillar structure.  
 
First of all, collagen has a triple-helix super secondary structure, which consists of three 
polypeptide chains in an extended left-handed helix. As the fundamental and 
characteristic structural unit of collagen, the triple helix plays vital roles in several 
essential biophysical properties of collagen, including thermal stability, mechanical 
strength, and the ability to engage in specific interactions with other biomolecules. 





as adhesive biomolecules to modulate cell adhesion and function. Several cell-binding 
motifs, such as DGEA and GFOGER, have been identified in collagen and shown to bind 
to various types of integrins receptors thus activating cytoplasmic intracellular signaling 
pathways (Kramer et al. 1989; Fields 1995; Camper et al. 1998; Velling et al. 1999; 
Zhang et al. 2003). The collagen-cell interaction is known to be crucial for biological 
processes such as embryogenesis, homeostasis, and tissue remodeling and healing (Hynes 
1992; Ruoslahti et al. 1994). Lastly, collagen in the extracellular environment can 
assemble into fibers and further entangle into 3D fibrous network to support cell growth 
and instruct tissue development. Collagen fibers are of broad biomedical importance and 
have a central role in arthritis, tissue repair, fibrosis, tumor invasion, and cardiovascular 
disease (Kadler et al. 2008; Perumal et al. 2008; Shoulders et al. 2009).  
 
In this chapter, the design principles of self-assembling PA system were applied to 
assemble synthetic collagen-mimetic peptides to form nanofibers that resemble structural 
and functional features of collagen. Briefly, collagen-mimetic peptide amphiphiles (CPAs) 
were fabricate through incorporating the epitope of collagen-mimetic peptide (CMP) 
supplemented with a specific cell binding sequence spanning residues 502-507 of 
collagen α1(I) (GFOGER). The nanostructure and chemical functionality of self-
assembled CPAs were then studied through various characterization methods. 
Transmission electron microscopy (TEM) was used to study the self-assembled CPA 





dichroism (CD) spectroscopy and melting point analysis. Cell-binding activity of CPAs 
was studied through cell adhesion and cytoskeletal immunofluorescence staining.  
 
 
4.2 Results and Discussion 
 
Design and synthesis of collagen-mimetic peptide amphiphiles 
A series of collagen-mimetic peptide amphiphiles have been designed and synthesized, 
based on the designing principles of self-assembling PA system (Hartgerink et al. 2001; 
Hartgerink et al. 2002; Paramonov et al. 2006; Niece et al. 2008). The molecular 
sequences of CPAs are shown in Table 4.1 and the chemical structures are shown in 
Figure 4.1. CPAs contain four segments, namely, N-terminal palmityl segment, beta-
sheet-forming segment, lysine spacer and epitope segment. The palmityl segment is 
designed to drive amphiphilic molecules to collapse into micelles. The beta-sheet 
segment aims to elongate the spherical micelles into nanofibers via the beta-sheet type 
hydrogen binding. The lysine spacer is used to connect epitope segment with 
hydrophobic portion as well as to make CPAs controllable. Thus, the self-assembly of 
CPAs could be controlled by salt or pH value. In this work, three collagen-mimetic 
peptide sequences were inserted into the epitope segments of PAs. Collagen-mimetic 
peptide 1 (CMP1) incorporated with GFOGER motif, (GPO)3GFOGER(GPO)3, has been 
found to form triple-helix and possess bioactivities of promoting liver cell adhesion, 
proliferation and function (Khew et al. 2007; Khew et al. 2007; Khew et al. 2008). CPA 





CPAs (i.e. CPA2 and CPA3) were designed and synthesized. The difference of CPA2 
from CPA1 is the absence of the bioactive sequence GOFGER. In CPA3, short collagen-
mimetic peptide, (GPO)GFOGER(GPO)2, was inserted in the epitope segment. All 
peptide sequences were synthesized by solid phase peptide synthesis method, and then 
were conjugated with palmitic acid via amide bond to form peptide amphiphiles. 
MALDI-TOF MS was used to verify the identity of each product, and the result showed 
that the molecular weight of each product obtained was consistent with that of the desired 
product. 
 
Although PAs incorporated with small bioactive sequences such as RGD and IKVAV in 
the epitope segment have been fabricated to form nanofibers with bioactivities (Silva et 
al. 2004; Webber et al. 2010),
 
it is unknown whether CPAs incorporated with long 
collagen-mimetic peptides could self-assemble into nanofiber. Fields’ and Tirrell’s 
groups, for example, have synthesized collagen peptide amphiphiles by conjugating 
collagen peptides with single or double hydrocarbon tails (Yu et al. 1998). However, 
their collagen peptide amphiphiles have only formed spherical micelles instead of 
nanofibers (Yu et al. 1997; Fields et al. 1998; Yu et al. 1999). Moreover, even if CPAs 
could self-assemble into well-defined nanofiber, it is still unknown whether the collage-
mimetic epitopes could form triple-helix and retain the biofunctions in the form of 
nanofiber. The CPA self-assembly process is proposed and showed in Figure 4.2. It is 
hypothesized that the CPAs could form triple-helix in aqueous solution and then self-





confirm this proposed self-assembly process and to verify the bioactivities of formed 
nanofibers, the studies of morphology, secondary structure, and cell adhesion assay were 
performed. 
 
Table 4.1 The primary molecular sequence of the collagen-mimetic peptide amphiphiles 
(CPAs) and their molecular weights. 
CPAs                                  Sequence
 a
                                                       Molecular weight 
CPA1          C16-AAAAAKKKKG(GPO) 3GFOGER(GPO) 3G                     3502.1 
CPA2          C16-AAAAAKKKKG(GPO) 8G                                                   3376.9 
CPA3          C16-AAAAAKKKKG(GPO) 2GFOGER(GPO)G                       2572.0 
a
Standard one-letter code is used to express the amino acid sequences, except where 




Figure 4.1 Molecular structure of CPA1 that contains four segments: lipophilic, β-sheet, 
spacer and epitope segments. Bioactive GFOGER sequence is inserted within repeating 
structural units (GPO) as the epitope segment. The peptide portion is prepared via solid 






Figure 4.2 CPA self-assembly process: three collagen-mimetic epitopes self-assemble 
into a triple-helix, while the hydrophobic tails and β-sheet type hydrogen bonding drive 
and guide the assembly of CPAs into nanofibers.  
 
TEM study of morphological structure 
Amphiphilic molecules can spontaneously form micelles in aqueous solution when the 
concentration is above a critical micelle concentration (CMC). The CMC of CPAs is 
around 0.003 mg/mL. Thus, the subsequent experiments were conducted above this 
concentration to ensure micellization. TEM micrographs of Figure 4.3 show the 
morphology of CPA1 after screening the positive charges of the lysine spacer via base-
induction of NH4OH. The micrographs indicate that, by screening the positive charges, 
the CPA1 can self-assemble into nanofibers with the diameter of approximately 16nm 
and lengths in the micrometer range. CPA2 and CPA3 can also self-assemble into 
nanofibers with similar morphology when their charges are similarly screened. The 
diameter of CPA3 fiber, around 13nm, is slightly smaller than that of CPA1 and CPA2, 
which may be due to its shorter sequence. In addition, it was observed that CPAs could 
also self-assemble into nanofibers, although short length, without screening the positive 
charges. The above results demonstrate that CPAs incorporated with long collagen-





not consistent with the results from previous studies by Field’s group (Yu et al. 1996; Yu 
et al. 1997; Fields 2010). The self-assembly of collagen peptide amphiphiles synthesized 
by Field’s group into spherical micelles instead of nanofibers may be due to the presence 
of hydroxyproline in beta-sheet segment, because hydroxyproline has been shown to 
disrupt the formation of beta-sheet type hydrogen bonding. In this design, AAAAA 
sequence is introduced next to the hydrocarbon tail as beta-sheet segment, in which the 
beta-sheet type hydrogen bonding is formed to drive the elongation of micelles into 
cylindrical micelles. In addition, PA fibrous hydrogel can form when the concentration of 
CPAs is increased and the charges are screened, shown in Figure 4.3. To visualize its 
structure, the hydrogel was treated by critical point drying technique and was observed 
using SEM. SEM micrograph of Figure 4.4 (c) shows the formation of 3D fibrous 
network. The hydrogel formation may be due to the entanglement of nanofibers. The 3D 
fibrous network that is similar to native matrix can serve as matrix for tissue engineering.  
 
 
Figure 4.3 TEM micrographs of self-assembled PA nanofibers with the diameter of ~16 
nm. The PAs concentration for testing was 0.1 mg/mL, which was diluted from 1% w/v 








Figure 4.4 CPA solution (a) with 1% w/v concentration was prepared in deionized water 
and treated with NH4OH to screen the positive charges to form hydrogel (b). The vial was 
tipped upside down to illustrate that the gels is self-supporting. (c) SEM image of PA 








CD spectra  
Structurally, native collagen has a triple-helix characteristic, which greatly affects the 
biophysical properties of collagen, such as thermal stability, molecular assembly and 
bioactivity. Thus, mimicking the triple-helical structure is prerequisite to prepare 
collagen-mimetic materials. Collagen-mimetic triple-helix exhibits a unique CD spectrum 
characterized by a positive peak at around 220 nm, a crossover near 213 nm, and a large 
negative peak at approximately 197 nm (Brown Iii et al. 1972; Sakakibara et al. 1972). 
The CD spectra of CPA1, CPA2, and CPA3 at 25°C and 70°C are shown in Figure 4.5. 
CPA1 exhibited CD spectra features characteristic of collagen-mimetic triple helix, with 
a positive peak around 220-225nm and a large negative near 200nm, shown in Figure 4.5 
(a). The CD spectra of CPA1 displayed a red shift in band positions in respect to the CD 
spectral band positions of collagen, probably due to the higher percentage of amino acid 
contents (Rippon et al. 1971). Similar to native collagen, temperature can affect the peak 
intensity of CPA1: at higher temperatures, the peak has lower intensity. Similar trends 
were observed for CPA2, indicating the presence of triple-helical structure. In addition, 
the CD spectra of CPA3 did not display any feature that is indicative of the presence of 
triple-helix. The absence of triple-helix in CPA3 may be because there are not enough 
repeating structural units GPO to drive the fold of CPA3 into the triple-helix structure. 
The above results demonstrate that CPA1 and CPA2 may have the triple-helix 






Figure 4.5 CD spectra of (a) CPA1, (b) CPA2 and (c) CPA3 obtained at room 
temperature (blue color line) and 70
o
C (pink color line). Samples were prepared at 0.5 
mg/mL in water. 
 
 
Melting point study  
Since the CD spectrum of collagen-mimetic triple-helix is similar to that of polypro II 
helix, further verification of the formation of triple-helix in CPAs is necessary. Triple 





and interstrand hydrogen bonding water networks (Bella et al. 1995; Jefferson et al. 
1998). This provides a basis for distinguishing triple helices from the polypro II-like and 
nonsupercoiled structures through the comparison of their thermal melting characteristics. 
The thermal stability of CPAs were studied by monitoring their ellipticity at λ=225nm, as 
a function of increasing temperatures. The melting point curves of CPA1 at different 
concentrations, 0.5 mg/ml, 0.7 mg/ml and 2 mg/ml, are shown in Figure 4.6 (a), and the 
first derivative of mean residue ellipticity (MRE) used to indicate the melting point is 
represented in Figure 4.6 (b). The melting profile of CPA1 exhibited a sigmoidal feature, 
indicating cooperative transition, which is typical of triple-helical conformation. The first 
derivative of the melting curves gave the melting temperature (Tm) of 39°C for 0.5 
mg/mL, 39°C for 0.7 mg/mL and 47°C for 2 mg/mL. The value of Tm represented the 
stability of the triple-helix: the higher the value of Tm is, the more stable the triple-helix is. 
The stability of the triple-helix increased with increasing PA concentration, as confirmed 
by the increase of melting temperature. In a previous study, the melting point of collagen 
peptide (GPO)3GFOGER(GPO)3 at 0.5 mg/mL was found to be at 25°C (Khew et al. 
2007). It is indicated that the thermal stability of triple-helix in CPAs is higher than that 
of collagen peptide, which is consistent with previous studies from Field’s group that the 
thermal stability of the triple helix could be enhanced through amphiphilic assemblies 
(Yu et al. 1997; Gore et al. 2001). The enhanced stability may be due to the flexibility of 
the alkyl chain and the hydrophobic interaction that drives the lipid tails together thus 
bringing the collagen peptide head groups closer. Such assemblies result in tight 








Figure 4.6 The unfolding melting studies of CPA1: (a) the unfolding melting curves 
showed cooperative transition of CPA1 at different concentrations, 0.5 mg/mL (green 
line), 0.7 mg/mL (pink line) and 2 mg/mL (blue line); (b) the first derivative of unfolding 
melting curves indicated the Tm values of 39
o
C for 0.5 mg/mL, 39
o
C for 0.7 mg/mL, and 
47
o







The refolding melting study was also performed to investigate the refolding behavior of 
the triple-helical structure in the form of assemblies. CPA1, CPA2, and CPA3 were 
induced to undergo the refolding process in solution as the temperature was decreased 
from 80°C to 5°C. The unfolding and refolding melting curves of CPA1 and CPA2 at 0.7 
mg/mL were shown in Figure 4.7. The symmetry between the unfolding and refolding 
melting curves indicates that the folding processes of the triple-helical structure in CPA1 
and CPA2 are reversible. For CPA1, the Tm obtained from the first derivative of the 
refolding melting curve gives a value of 39°C consistent with the value obtained from the 
unfolding melting curve, as shown in Figure 4.7(b). For CPA2, the Tm value of the 
refolding melting curve is around 42°C, consistent with that of the unfolding melting 
curve, as shown in Figure 4.7 (d). The Tm of CPA2 in the unfolding and refolding process 
is slightly higher than that of CPA1, which may be due to more number of repeating units 
GPO thus leading to the higher stability of the triple-helix in CPA2. The folding results 
show that the unfolded collagen-mimetic epitope is almost able to completely refold into 
a triple-helical conformation in the short time. The ability of quick and complete 
refolding of CPA1 and CPA2 may be due to the tight alignment of three collagen-
mimetic epitope in the assemblies. The formed triple-helical hydrogel by CPA1 and 












Figure 4.7 The melting curves of unfolding (blue line) and refolding (pink line) of CPA1 
(a) and CPA2 (c) prepared at 0.7 mg/mL showed that the melting transition of CPA1 and 
CPA2 is reversible. The rate of temperature change is 0.25°C/min for the folding 
processes. The first derivative of melting curves of CPA1 (b) and CPA2 (d) shows 
negative and positive curves for the unfolding and refolding processes, respectively. The 
Tm value of CPA1 is 39°C, lower than that of CPA2 with Tm of 42°C. The arrows 









Cell adhesion assay  
The GFOGER bioactive motif in the conformation of triple helix has been shown to 
recognize and combine with several integrin receptors of α1β1, α2β1, α10β1 and α11β1 
(Knight et al. 1998; Knight et al. 2000; Janet et al. 2004). Previously, it was showed that 
triple-helical peptides conjugated with GFOGER could specifically bind to integrin 
receptors of liver cells (Khew et al. 2007; Khew et al. 2007; Khew et al. 2008). In this 
study, liver cells, HepG2, were used to examine the bioactivity of CPAs since the cell can 
constitutively express α1, α2, α6, and β1 subunits and thus is a suitable model system in 
the study of GFOGER (Nejjari et al. 1999). HepG2 cells were cultured on the surfaces of 
substrates coated with BSA, collagen, CPAs (CPA1, CPA2 and CPA3), and collagen 
peptides (CP1, CP2 and CP3, where the sequences are (GPO) 4GFOGER(GPO)4, (GPO)10 
and (GPO)GFOGER(GPO)2, respectively). Cell adhesion to the native collagen substrate 
was taken as the 100% reference level. It could be seen from Figure 4.8 that the 
percentages of cell adhesion to CPA1, CPA2, CPA3, CP1, CP2 and CP3 were 
approximately 83%, 25%, 30%, 70%, 30% and 28%, respectively. Cell adhesion results 
indicated that HepG2 cells attached on the surfaces of CPA1 and CP1 more efficiently, as 
compared to other surfaces. The cell binding activity of CPA1 was slightly higher than 
that of CP1, indicating that the GFOGER sequence within the amphiphiles retained and 
even improved its cell binding activity. The receptors on cell membrane surface could 
recognize and interact with the bioactive sequence located on the periphery of nanofiber. 
In addition, absence of the GFOGER in CPA2 and CP2 led to a marked loss of activity 





the GFOGER sequence, CPA3 and CP3 exhibited lower cell adhesion. This may be due 
to the absence of a triple-helical conformation of CPA3 and CP2, since the GFOGER 
sequence is biologically active only when presented in a triple-helical conformation. Both 




Figure 4.8 Adhesion of HepG2 cells as a function of surface compositions: heat-
denatured BSA (BSA), calf-skin collagen (collagen), CPA1, CPA2, CPA3, CP1, CP2, 
and CP3. Cell adhesion to collagen was used as a 100% reference level. Student t-test, 
with p<0.05 for * significantly different from BSA, CPA2, CPA3, CP2 and CP3 and ^ 








The adhered HepG2 cells were fixed and stained for actin stress fibers after being 
incubated in serum-free medium to study their cytoskeletal organization. The confocal 
images presented in Figure 4.9 showed that the HepG2 cells displayed a well-developed 
actin cytoskeletal structure on collagen and CPA1-coated substrates. In addition, cell 
adhesion and spreading were extensive on both substrates, indicating the ability of CPA1 
to mimic the collagen adhesion profile. On the other hand, the actin cytoskeletal 
organization became less pronounced in the cells seeded on CPA2 and CPA3-coated 
substrates and most HepG2 cells remained spherical. Absence of GFOGER hexapeptides 
or deletion of triple-helical conformation substantially decreased HepG2 cell spreading. 
Cell spreading on collagen and CPA1-modified surfaces is distinctly different from the 
interaction between the cells and other synthetic polymers, in that the latter merely 
depends on the nonspecific contact between the cell membrane proteins and the 
functional groups of polymers (Bačáková et al. 2000; Bačáková et al. 2000). In fact, the 
extensive cell spreading shown in this work may be the result of the integrin-mediated 
cell-adhesion process. The above results demonstrate that the self-assembled peptide 
nanofibers from triple-helical constructs of CPAs with the GFOGER sequence are able to 
promote cell adhesion and development, indicating the ability to biologically mimic 









The strategy to fabricate CPAs based on the design principles of self-assembling PA 
system has been developed and studied in this chapter. It was found that CPAs could self-
assemble into nanofibers which possessed collagen-mimetic triple-helix and cell adhesion 
ability. The self-assembled CPA nanofibers could entangle to form 3D fibrous hydrogel 
network similar to native matrix, which may serve as artificial matrix for tissue 
engineering. Since self-assembling PA system is easy to synthesize and is highly versatile 
in displaying a broad range of chemical functionalities, there is great potential in using 
this system to fabricate biomimetic materials that can more fully resemble the roles of 




















Figure 4.9 Cell adhesion and spreading as a function of substrates: collagen (a), CPA1 
(b), CPA2 (c) and CPA3 (d). Cells were fixed and stained for actin stress fibers (TRITC-
phalloidin; red) and nuclei (DAPI; blue) after being incubated in serum-free medium and 











THREE-DIMENSIONAL POROUS SCAFFOLD FILLED WITH ECM-MIMETIC 







In the chapter 4, collagen-mimetic materials have been fabricated to resemble the 
structural and functional features of collagen, including the triple-helix conformation, 
cell-binding activity, fibrillar structure, and 3D fibrous network. Collagen is only one 
type of ECM proteins, although it is the most abundant protein and plays vital roles in 
many biological processes. To prepare ECM-mimetic materials more closely resembling 
in vivo ECM system, other ECM proteins and their roles are needed to consider. This 
chapter is to prepare ECM-mimetic hybrid nanofibers by the co-assembly of two types of 
oppositely charged PAs carrying different ECM-derived peptide sequences. The 
fabricated hybrid nanofibers can entangle to form 3D fibrous hydrogel network to 
provide ECM-mimetic environment. The prepared ECM-mimetic hydrogel will be 
injected in a 3D porous scaffold to form ECM-mimetic hydrogel/scaffold system, which 







Tissue failure has been reported as one of the major causes of death that is still increasing 
year-by-year (Klein et al. 2010; Ezzat et al. 2011; Fukumitsu et al. 2011). Such fact 
spells out an urgent need for better applications of tissue engineering in developing 
healthy tissues for patients. Numerous works had been done to engineer different sorts of 
tissues needed by human bodies (Carpentier et al. 2009; Petersen et al. 2010; Laflamme 
et al. 2011; Soto-Gutierrez et al. 2011). Scaffolds fabricated for tissue engineering have 
been under investigation for many years to help recovery from tissue failure. Scaffolds 
for bone and skin have been well studied and successfully commercialized to benefit 
patients. Yet, the engineering of more complex tissues, such as liver and heart, is more 
challenging and proposes a higher requirement in scaffolds to possess physical and 
biofunctional properties. Currently, hydrogels or 3D porous polymer scaffolds have 
widely been used as artificial matrices for culturing cells or engineering tissues.  
 
The utilization of hydrogel as scaffold has highly been recommended due to their 
hydrated 3D networks that are similar to in vivo matrix environments and provide a 
suitable place for cell adhesion, proliferation and function (Underhill et al. 2007; Wang et 
al. 2008; Kim et al. 2010). Also, hydrogel is able to provide chemical signals to guide 
cells by incorporating growth factors or bioactive domains (Genové et al. 2009; Mehta et 
al. 2010). Yet, in spite of this ability to mimic in vivo environments, hydrogels have 
relatively poor mechanical strength that limits its application in practice. Such 





component’s concentration; however, it would be at the expense of nutrients and oxygen 
mass transfer capability.  
 
On the other hand, the fabrication of biodegradable polymers providing 3D porous 
structure has been widely investigated and used in tissue engineering (Kaufmann et al. 
1997; Mooney et al. 1997; Glicklis et al. 2000). Polymers, such as poly (glycol acid) 
(PGA), polylactide (PLA), and their copolymers poly(D,L-Lactic-co-Glycolic Acid) 
(PLGA), are the most common scaffolding materials in tissue engineering with suitable 
physical properties and controllable degradation rate (Wu et al. 2004; Yoshioka et al. 
2008; Zhu et al. 2008). In the 3D porous scaffolds, however, cells tend to adhere only at 
the wall of the pores, forming a contour, with only one of the sides exposed to the culture 
medium while the other side attached to the polymer surface (Gong et al. 2007; Zhao et 
al. 2009). This means there would be differences in the cell morphology, distribution and 
function in scaffold as compared to the cells in human body. Also, bioactive domains of 
the ECM play a vital role in regulating cell behaviors (Yoon et al. 2004). The lack of 
these bioactive signals in polymer scaffold limits biomedical applications. 
 
The assembly of “soft” hydrogel together with “hard” porous polymer scaffold into 
hybrid system is a choice to maintain the advantages of each other while avoiding their 
limitation (Chen et al. 2003; Gong et al. 2007; Zhao et al. 2009; Zhao et al. 2009; Dai et 
al. 2010). In this chapter, ECM-mimetic hybrid nanofibers were fabricated by the co-





3D fibrous hydrogel and improve cell adhesion and spreading. A 3D porous scaffold with 
good porosity and interconnectivity was prepared using biodegradable polymer. The 3D 
porous scaffolds were infused with ECM-mimetic hydrogel to form ECM-mimetic 
hydrogel/scaffold system, which was characterized and used to optimize liver cell 
distribution, proliferation and function. 
 
 
5.2 Results and Discussion 
 
Fabrication of ECM-mimetic fibrous hydrogel 
Based on the designing principles of self-assembling PA system (Hartgerink et al. 2001; 
Hartgerink et al. 2002; Paramonov et al. 2006; Luo et al. 2011), two types of PAs 
carrying opposite charges and complementary integrin-specific motifs, RGDS from 
fibronectin and GFOGER from collagen, had been designed and synthesized in this work. 
The molecular sequences of the two PAs were labeled respectively as RGDS-PA and 
GFOGER-PA, shown in Table 5.1.  
 
Table 5.1 The molecular sequences of synthesized peptide amphiphiles 
PA name PA sequences 
RGDS-PA (PA1) C16-AAAAAEEEEGRGDS 






In the chapter 4, collagen-mimetic peptide amphiphiles have been fabricated and shown 
to self-assemble into nanofibers that are able to mimic structural and biofunctional 
properties of native collagen, such as triple-helix conformation and cell binding activity. 
Native ECM contains not only collagen but also other proteins, such as fibronectin and 
laminin. RGDS, derived from fibronectin, is a well-known cell-binding sequence to guide 
cell adhesion, migration, proliferation and differentiation (Pierschbacher et al. 1984; 
Hersel et al. 2003; Ananthanarayanan et al. 2010; Zouani et al. 2010). This work was 
aimed to fabricate ECM-mimetic system by oppositely charged PAs carrying RGDS and 
GFOGER sequences. The choice of co-assembling these two sequences is based on the 
fact that RGDS and GFOGER could specifically and complementarily bind to different 
types of integrins. RGD had been found to bind to α5β1, αVβ3, α8β1, αVβ1, αVβ6, and 
αIIbβ3, while GFOGER could recognize α1β1, α2β1, α10β1, and α11β1 (Askari et al. 
2004). The integrins that the RGDS and GFOGER bind to are different and 
complementary. Thus, it is hypothesized that the combination of these two sequences 
would synergistically enhance cell performance, such as adhesion, proliferation and 
function. On a further note, RGDS-PA and GFOGER-PA possess opposite charges which 
enable their co-assembly to form hybrid nanofiber. The proposed co-assembly process is 
as shown in Figure 5.1 (A). The schematic illustration indicated the formation of hybrid 
nanofibers due to the mixture of the oppositely charged PAs which neutralized each 






As can be seen from TEM images in Figure 5.1 (B & C), the co-assembly of two types of 
PAs with opposite charges had caused the formation of nanofibers as a result of the 
screening of each other’s charges. The sequences of RGDS and GFOGER may be 
alternatively aligned on the surface of nanofiber with the diameter of ~15 nm and the 
lengths in the micrometer range. In Figure 5.1 (D), SEM micrograph revealed the 
network structure of co-assembled PA hydrogel that was dried using critical point drying 
technique. Formation of PA gel may be due to the entanglement and interaction of the 
nanofibers over each other, thus forming a mesh-like structure which can provide 
biomimetic micro-environment for cell growth. In addition, these nanofibers were stained 




















Figure 5.1 Schematic diagram to show co-assembly of PAs into hybrid nanofibers (A); 
TEM images of hybrid nanofibers (B and C); SEM image of PA hydrogel (D); and 






Figure 5.2 (A) SEM image of HepG2 cell on the surface of co-assembled nanofibers; (B) 
HepG2 cell adhesion as a function of components of BSA, collagen, fibronectin, 










Figure 5.3 Light microscope images (×10 times) of HepG2 cells spreading on BSA, 
collagen and GFOGER &RGDS-PAs coated surfaces, at 1 hr and 2 hr (A);  percentage of 








Cell adhesion and spreading on ECM-mimetic nanofibers 
Liver cells, HepG2, were cultured on the surface coated with co-assembled nanofibers, to 
observe the interaction between cells and nanofibers. After two days’ culture, cells were 
treated by critique point drying and observed using SEM. SEM micrograph of Figure 5.2 
(A) showed that cell adhesion and spreading are extensive on nanofiber-coated surface, 
indicating that cells are apparently healthy when interacting with these nanofibers. At 
high magnification, cells are shown to be in contact with co-assembled fibers, indirectly 
demonstrating that cell adhesion sequences, GFOGER and RGD, have the ability to 
recognize and bind to HepG2 cells.  
 
Cell adhesion on the surfaces coated with different components of BSA, collagen, 
fibronectin, RGDS-PA, GFOGER-PA, combination of collagen and fibronectin and 
combination of RGDS & GFOGER-PAs, was quantified, as shown in Figure 5.2 (B). 
Cells adhered to collagen substrate was taken as the 100% reference level. It can be seen 
that the adhered cell number on RGDS-PA or GFOGER-PA was lower than that of 
collagen and fibronectin separately, which was consistent with previous studies that 
single cell-binding sequence was difficult to fully mimic ECM proteins (Khew et al. 2007; 
Luo et al. 2011). However, cell adhesion on co-assembled nanofibers presenting RGDS 
and GFOGER sequences was significantly better than that of nanofibers with individual 
component, and was comparable to that of collagen, fibronectin and their combination. 
The improvement of cell adhesion in co-assembled nanofibers may be because RGDS 





demonstrate that the co-assembly of oppositely charged PAs carrying synergistic 
integrin-specific sequences can significantly improve cell adhesion, comparable to that of 
ECM proteins. 
 
The light microscope images, as shown in Figure 5.3 (A), revealed cell spreading on the 
surfaces of BSA, collagen and RGDS & GFOGER-PAs. The images were captured at 
two time points: 1 h and 2 h. It could be observed that cells tended to remain in spherical 
shape instead of flattening out on BSA modified surface after 1 h. On the contrary, cells 
were seen to be attaching during 1 h period in collagen and co-assembled nanofiber 
modified surfaces. A similar trend was observed during 2 h period that cells were spread 
well on collagen and co-assembled nanofibers surfaces, while most of cells on BSA 
surface remained spherical shape. 
 
Percentage of cells that spread out on the surfaces of BSA, RGDS-PA, GFOGER-PA, 
RGDS & GFOGER-PAs and collagen, was quantified, as shown in Figure 5.3 (B). The 
result revealed the percentage of spreading cells at different time points: 0.5 h, 1 h and 2 
h. It can been seen that BSA surface had minimum increase of spreading cells. On the 
other hand, collagen surface after half an hour revealed the highest percentage of cells 
spreading followed by GFOGER & RGDS-PAs and then followed by the individual 
RGDS-PA and GFOGER-PA respectively. After 1 h, percentage of spreading cells in 
collagen is still significantly higher than that of other groups. However, percentage of 





during 2 h period, and was significantly higher than that of the indicidual RGDS-PA and 
GFOGER-PA. The result demonstrated that the co-assembled nanofibers should improve 
cell spreading, compared with the individual component. The co-assembly of oppositely 
charged PAs into nanofiber is a versatile strategy that can be used to incorporate various 
peptide sequences carrying particular bioactivities for particular biomedical application.  
 
Preparation of 3D porous PLGA scaffold 
The morphology of the prepared PLGA and PLGA/PHBV scaffolds were revealed by 
SEM and CLSM as shown in Figure 5.4. By controlling the NaCl particles size, PLGA 
scaffolds were successfully fabricated carrying pores of near uniform shape and an 
average pore size of 250-300 µm. The scaffolds with large pore size were prepared in this 
work in order to be convenient for the distribution of cell suspension solution and to 
provide good mass transfer of nutrients and oxygen of medium. The scaffolds were 
fabricated in a Teflon well-plate carrying cylindrical molds and hence, the final product 
of the porous PLGA scaffolds obtained were cylindrically shaped as shown in Figure 5.4 
(F), which were conveniently used in well-plate for cell culture. SEM image, Figure 5.4 
(A), showed cross-section of scaffold with high porosity. Figure 5.4 (B) highlighted the 
scaffolds’ morphology possessing interconnected porous structure and revealed 
concavities that were imprinted by the NaCl cubic particles. The micrographs of SEM, 
together with the CLSM image (shown in Figure 5.4 (E)), portrayed a 3D scaffold with 
suitable porosity and interconnectivity that was fit to replace the conventional two-





massive attachment between PHBV microspheres and PLGA matrix was clearly observed, 
and the PHBV microspheres with the diameter of 200-300 µm were scattered all across 
the PLGA matrix and most were deeply embedded in the PLGA matrix. The addition of 
PHBV microspheres was observed to increase the roughness of the PLGA scaffold 
morphology in comparison to the scaffold consisting of only pure PLGA. Yet, this 
addition of PHBV did not majorly alter or reduce the pore size of scaffold. In our 
previous work, the PHBV microspheres have been shown to be suitable for drug release 
and cell growth (Khew et al. 2007). Although in this study, we did not investigate the 
influence of spherical topography generated by PHBV microspheres on cell growth and 
function; such findings on the reliability of PHBV to enhance scaffold characteristic 
without introducing major shortcomings gave a positive outlook on the potential usage of 


















Figure 5.4 SEM images of PLGA scaffold cross-section (A and B), microsphere (C), and 
PLGA / PHBV scaffold cross-section (D); confocal image of PLGA scaffold (E); and 







Hybrid gel/scaffold system 
Hybrid gel/scaffold was prepared by the infusion of ECM-mimetic hydrogel into porous 
polymeric structure. The cross-section of gel-filled scaffold was observed under SEM and 
the images were shown in Figure 5.5 (A&B), indicating that ECM-mimetic gels were 
occupying the empty spaces of pores in the scaffold and were seen to be distributed 
uniformly throughout the entire scaffold. The opaque darker grey shades represented the 
wall of the pores while the crystal-like components enclosed among the walls were the 
ECM-mimetic gels. On the other hand, CLSM was used to observe the structure of gel-
filled scaffold, where polymer structure was stained with coumarin 6 and ECM-mimetic 
gel was stained with Nile red. Figure 5.5 (C & D) illustrated that the polymer structure 
was stained in green color, while ECM-mimetic gel with red color was enclosed among 
the walls of the pores. Both SEM and CLSM images highlighted the high porosity and 
interconnectivity, which was an important factor not only for hydrogel introduction but 
also for the next stages of cell seeding and culture which relied heavily on medium 












 Cell growth and distribution unto scaffolds 
The cell growth and distribution in both types of scaffolds, porous scaffold and gel-filled 
scaffolds (control and experimental group respectively) were observed under CLSM. In 
control group, HepG2 cell suspension medium was infused into porous PLGA scaffold. 
By the effects of gravity force and capillary force, the cell suspension medium was 
spontaneously absorbed into the scaffold. In experiment group, porous scaffold was 





RGDS-PA prior to co-assembling with GFOGER-PA inside porous scaffold. The co-
assembly of RGDS-PA and GFOGER-PA resulted in gel formation that seeped into the 
inner pores of the scaffold, bringing together cells suspension. The cells were entrapped 
and stabilized within gel-filled scaffold shortly after fiber formation and gelation. HepG2 
cells were encapsulated inside porous or gel-filled scaffolds, and were stained after 3 
days’ culture. There was a distinctive difference in the way cells were growing within the 
two types of scaffolds. In porous PLGA scaffold, cells formed a contour on the wall of 
the pores, as shown in Figure 5.6 (A, B, and C). CLSM images, showing the three 
different but continuous layers within the scaffold, enabled the observation of cell-growth 
trend at each layer of scaffold. On the other hand, gel-filled scaffold images in Figure 5.6 
(D, E, and F) showed that cells were suspended in PA gel within the pores which 
previously was an empty space instead of merely adhering on the surface of the wall. 
There were a relatively larger number of cells in this cell/gel/scaffold construct as 
compared to the cell/scaffold construct mentioned above. Figure 5.6 (H) showed a 
combined image of every layer of the cell/gel/scaffold construct revealing a stack of cells 
suspended in the middle of scaffold and cell distribution was evenly achieved in the 
construct. This same pattern of cell growth as observed in three layers helps to confirm 
that cell distribution is occupying the whole pore of scaffold. Cell growth on both porous 
and gel-filled scaffolds had been schematically illustrated in Figure 5.6 for easy 
observation. The results demonstrate that cells were occupying the whole pore of scaffold 








Figure 5.6 CLSM images of three layers of cells/scaffold construct (A-C) and three 
layers of cells/ hydrogel/scaffold construct (D-F); schematic diagram to illustrate the 
difference in cell growth mannerism in porous and gel-filled scaffolds (G); CLSM image 
of cell aggregates in gel-filled scaffold (H); and CLSM image to show cell infiltration in 







Figure 5.7 (A) Proliferation of HepG2 cells cultured on porous and gel-filled scaffolds, 
as assessed by total DNA quantification; (B) albumin secretion of HepG2 cells cultured 
in porous and gel-filled scaffolds, as assessed using enzyme-linking immunosorbent 




Cell proliferation and function 
The proliferation of HepG2 cells in porous and gel-filled scaffolds was quantified using 





two samples over the 2 weeks of culture, as shown in Figure 5.7 (A). Generally, the 
number of HepG2 cells was significantly greater when cultured on gel-filled scaffold than 
on the porous scaffold, which could be attributed to the larger space and suitable micro-
environment for liver cell growth. At every predetermined time point, cell number in gel-
filled scaffold was significantly higher than that of porous scaffold, possibly due to the 
presence of cell-binding activity and larger growth space of individual pore. It has been 
shown that cell-binding domain, such as RGDS and GFOGER, could improve cell 
proliferation. After 10 days, cell number of porous scaffold was not significantly 
increasing, while cells in gel-fibers scaffold were still significantly proliferating. The 
different may result from the larger total growth space of gel-filled scaffold, compared to 
porous scaffold.  
 
To study the functionality of liver cells in scaffolds, albumin secretion assay was 
performed, as secretion of albumin is one of the markers of function of hepatocytes. The 
result presented in Figure 5.7 (B) is albumin secretion on the basis of cell number at 
different sampling periods. Generally, the cells in gel-filled scaffold exhibited a higher 
level of albumin secretion than that of porous scaffold, which could be attributed to both 
formation of cell aggregates and presence of cell-binding activity in gel-filled scaffold. In 
porous scaffold, cells adhered only on the wall of pore and formed monolayers or 
multiple layers. In contrast, cells were occupying the whole space of pores in gel-filled 
scaffold and formed aggregates. It has been shown that aggregated cells retain 





specific functions, which are difficult to maintain in monolayer, such as secretion of 
albumin, glucokinase and acute-phase protein, are maintained at high level for cells 
agglomerate (Glicklis et al. 2000). In addition, cell-ECM interaction has been shown to 
improve hepatic function (Khew et al. 2007). The above results demonstrated that the 
hybrid gel-filled scaffold, which presented cell-binding activity and guided cell 
aggregates, can provide a suitable micro-environment for liver cell distribution, 





In this chapter, the “hard” porous polymer and “soft” ECM-mimetic hydrogel had been 
assembled together, in the quest to provide more suitable environment for liver cell 
growth and function. This combination had inherently provided advantages that overrode 
the limitation of both scaffolds when they were used individually. The “hard” porous 
scaffold provided the required physical properties to support the entire scaffolding 
structure that was important for suitable spatial environment for cell growth. The “soft” 
hydrogel, on the other hand, served as a matrix surrounding liver cells just like the native 
ECM, resulting in improved cell adhesion, proliferation and function. ECM-mimetic 
hydrogel/scaffold system provides proper micro-environment and enables more 








HIERARCHICAL SELF-ASSEMBLY OF PEPTIDE AMPHIPHILES INTO 
FIBER BUNDLES MEDIATED BY THE RGDS CELL-BINDING MOTIF 
 
   
6.1 Introduction 
 
The study of self-assembling fibrous peptide nanostructures was inspired by naturally-
occurring biological systems and is of great interest to many material designers for its 
extensive applications as scaffolds in tissue engineering, vehicles for drug delivery and 
even as templates for the mineralization of heavy metal nanoparticles (Beniash et al. 
2005; Zhao et al. 2006; Yuwono et al. 2007; Koutsopouios et al. 2009; Angeloni et al. 
2011; Bond et al. 2011; Chow et al. 2011). Collagen-mimetic nanofibers and ECM-
mimetic hybrid nanofibers have been fabricated in the chapter 4 and chapter 5. These 
fabricated nanofibers have been shown to resemble several essential properties of native 
protein fibers, such as the triple-helix conformation, fibrillar structure, cell-binding 
activity and 3D fibrous network. Other than these properties, hierarchical organization of 
fine fibers to form large fiber bundles is another important feature of ECM proteins. In 
vivo, collagen microfibrils can assemble both linearly and laterally into large collagen 
fiber. The 3D fibrous network built up by large collagen fibers possesses micrometer-





cell growth and tissue development in three-dimension. This chapter presents a new 
hierarchical self-assembly pathway to fabricate fiber bundles based on the inspiration of 
collagen biosynthesis.  
 
Despite the widespread applications of hydrogels based on self-assembled peptide 
nanofibers, this technology is still limited by its inability to form microporous hydrogel 
with sufficient diffusion of oxygen and nutrients. Forming higher hierarchical orders of 
nanofibrous structures such as fiber bundles could potentially address these issues. 
Individual PA nanofibers have been well investigated and widely used for biomedical 
applications. However, the fabrication of PA fibers with higher hierarchical order is less 
studied and needs more invesitgation and understanding. Recently, research groups in the 
area of molecular self-assembly increasingly pay more and more attention to study self-
assembling peptide fibers in higher hierarchical orders, which may scientifically and 
practically contribute to tissue regeneration. These hierarchical self-assemblies were 
particularly based on different pathways, such as X-ray irradiation, temperature elevation, 
electrostatic attraction and pH induction (Chen et al. 2010; Cui et al. 2010; Zhang et al. 
2010; Goldberger et al. 2011).  A hierarchical self-assembly pathway is presented in this 
chapter to form bundles of nanofibers by inducing and controlling inter-nanofiber 
interactions using the well-known bioactive sequence RGD. The mechanism beyond 
hierarchical assembly is proposed and proved. Further, 3D fibrous network built upon 







6.2 Results and discussion 
 
Design of peptide amphiphile 
Based on the design principles of self-assembling PA system (Hartgerink et al. 2001; 
Hartgerink et al. 2002; Paramonov et al. 2006), three types of PAs have been designed 
and synthesized (Figure 6.1). Each of these PAs possesses four segments, an N-terminal 
palmityl segment, a beta-sheet forming segment, a charged spacer and an epitope 
segment. The hydrophobic palmityl segment was designed to provide a driving force for 
micelle formation of amphiphilic molecules while the beta-sheet segment was included to 
elongate the micelles into nanofibers via β-sheet type hydrogen bonding. The spacer, 
made from repeating lysine, serves to connect the epitope segment with the above 
mentioned hydrophobic segments while rendering the PAs more controllable with its 
charged nature at the same time. The three PAs have largely similar design, differing only 
in the epitope segment. In order to make the PAs bioactive, short cell-binding sequences 
of DGEA, RGDS and RGDSRGDS were incorporated separately into the epitope 
segment. DGEA is a collagen-derived peptide that is known to bind to α2β1 integrin 
receptor, while RGDS is a peptide sequence found in fibronectin and the repeated 
sequence RGDSRGDS has been found to improve cell adhesion (Pierschbacher et al. 
1984; Pierschbacher et al. 1987; Staatz et al. 1991; Ruoslahti et al. 1994; Huang 2002). 
PAs containing the three bioactive sequences are termed PA-DGEA, PA-RGDS1 and 










Figure 6.1 Schematic representation of three types of PAs. Each of the PAs is composed 
of a lipophilic alkyl tail, a beta-sheet segment, a spacer made from repeating lysines, and 
an epitope segment. The three PAs have largely similar design, differing only in the 













Figure 6.2 TEM images (a-c) of PA-DGEA, PA-RGDS1 and PA-RGDS2 respectively 
that self-assembled into fibers with various morphologies, after the screening of the 
positive charges on the spacer. (d) Photograph of three PAs gels, showing that the opacity 
was visibly different, increasing from PA-DGEA, PA-RGDS1 to PA-RGDS2. SEM 
images (e-f) of PA-DGEA, PA-RGDS1 and PA-RGDS2 gels, showing that PA-DGEA 
gel was an entanglement of discrete nanofibers whereas the PA-RGDS1 and PA-RGDS2 









Characterization of self-assembled PA fibers 
TEM images showed that all three PAs formed nanofibers as expected by screening the 
positive charges on the lysine spacers (Figure 6.2). The characteristic existence of beta-
sheet structures in nanofibers was also confirmed by circular dichroism (CD) data. 
Although the only difference of the PAs is in their epitope segment, only PA-RGDS1 and 
PA-RGDS2 formed fiber bundles. PA-DGEA self-assembled into nanofibers of diameter 
around 10nm, which was significantly smaller that the fiber bundles of PA-RGDS1 and 
PA-RGDS2 with diameters around 50-100nm and 100-200nm respectively. In addition, 
the fiber bundles of PA-RGDS2, observed in the TEM images (Figure 6.3), constituted 




Figure 6.3 TEM images of PA-RGDS2 fiber bundles that constituted many nanofibers. 






Gels of self-assembled PAs were prepared with the same weight concentration of 2 
mg/mL and opacity that correlates to the formation of aggregates was observed to 
increase upon gelation. Photographs of the gels (Figure 6.2d) showed that the opacity of 
the different samples were visibly different, increasing from PA-DGEA, PA-RGDS1 to 
PA-RGDS2. SEM images of the PA gels after critical-point drying (Figure 6.2) showed 
that the PA-DGEA gel was an entanglement of discrete nanofibers whereas the PA-
RGDS2 gel was evidently composed of thicker fiber bundles. The formation of fiber 
bundles in only PA-RGDS1 and PA-RGDS2 was consistent with the TEM results. In 
addition, the pore sizes of PA-RGDS2 gels were observed to be the largest among the 
gels and thus would be beneficial for transport and diffusion of nutrients when the gels 
are used as tissue engineering scaffolds. The differences in the fiber morphologies could 
hence be attributed to the different bioactive sequences in the epitope segment, implying 
that RGDS plays a significant role in inter-fiber association.  
 
Proposed mechanism of hierarchical self-assembly 
The general structure of PA nanofiber consists of a hydrophobic core of palmityl and 
beta-sheet groups and a hydrophilic surface of the epitope segments. Figure 6.4a depicts 
the hydrophobic cores in the centre of an individual nanofiber with the hydrophilic 
epitope segment on the tail of each PA radiating outwards. This arrangement allows the 
bioactive sequences to be exposed on the surface and still retain certain flexibility due to 





sufficient flexibility for the preferred conformation of the bioactive sequences and thus 
retaining their biofunctionalities.  
 
For the formation of fiber bundles, we hypothesize that the inter-fiber interactions should 
be driven by the charged motifs on the surfaces of the fibers due to the complementary 
charged sequences on the epitope segment of the PAs. At pH 11, the RGDS and 
RGDSRGDS epitope segments acquire an alternating positive and negative charge 
pattern while the DGEA segment acquires a pure negative charge pattern. This is in 
agreement with the work of Zhuang’s group who found that the sequence of (RADA)n 
could self-assemble into fibrils due to complementary electrostatic interactions (Zhao et 
al. 2006). The charge patterns on RGDS and RGDSRGDS formed despite the screening 
of positive charges on the lysine spacer due to a lower isoelectronic point of lysine 
compared to arginine (Table 6.1), i.e. arginine remaining positively charged even when 
the charge at lysine was screened (Figure 6.4b). Individual fibers could assemble laterally 
as the PAs spatially interlock at the epitope segments and remains in that configuration 
due to the electrostatic attraction between the alternative charged patterns on PA-RGDS1 
and PA-RGDS2 as illustrated in Figure 6.4c. Moreover, this complementary interaction 
between the longer alternating charge sequences on PA-RGDS2 could explain the 







Figure 6.4 Schematic representation of (a) self-assembled PA nanofiber, (b) molecular 
structure of PA-RGDS2 and the charges of its epitope segment at different pH values, 







Table 6.1 Side chain pKa value of charged amino acids  
 pH=7 pH=11 pH=13 
Lysine (pKa=10.5) + Neural Neural 
Arginine (pKa=12.5) + + Neural 
Aspartate (pKa=3.9) - - - 




Figure 6.5 TEM images of PA-RGDS2 fiber bundles (a) at pH 11 and individual 
nanofibers (b) at pH 13.  
 
 
To test our proposed mechanism of complementary charged patterns for the inter-fiber 
interactions, we sought to remove the positive charge on arginine by inducing fibers 
formation at pH 13. Unlike formation at pH 11, where only the lysine spacer was 
screened, the positive charges on both lysine and arginine will be screened when at pH 13, 





TEM images of PA-RGDS2 (Figure 6.5a) showed that fiber bundles were only observed 
at pH11. Instead of fiber bundles, individual nanofibers without any apparent inter-fiber 
association were observed at pH 13 (Figure 6.5b). Stopped-flow kinetic studies were used 
to support our hypothesis that fiber bundle formation only occurred at a pH between the 
pI of lysine and arginine for PA-RGDS1 and PA-RGDS2 (Figure 6.6). The light 
scattering intensity correlates to the amount of fiber aggregates and the change in 
intensity at pH 11 and 13 showed the presence of nanofibers. The significant higher 
scattering intensity at pH 11 compared to that at pH 13 supported observations from the 
TEM images that though nanofibers formed at pH 13, there was no inter-fiber 
interactions to form fiber bundles. By maintaining the pH between the pI of lysine and 
arginine, we were thus able to create the alternating charge patterns on the epitope 
segment of PA-RGDS1 and PA-RGDS2 while keeping the lysine spacer screened for 
nanofiber assembly.  
 
To further confirm that the inter-fiber interactions are due to the complementary 
electrostatic attractions between RGDS type sequences, free RGD peptides were added 
into the PA solution in the stopped-flow studies. As expected, the results (Figure 6.6) 
showed that the presence of RGD peptides decreased fiber aggregation. The dissolved 
RGD peptide in solution competitively inhibited the fiber bundle formation by binding 
and blocking the epitope motifs on the surfaces of the fibers, effectively preventing 





bundle formation is due to the complementary alternating charged sequence of RGDS-
type epitope at the surface of our nanofibers.   
 
 
Figure 6.6 (a) Stop-flow kinetic studies of PA-RGDS2 self-assembly at pH 7, pH 11, and 
pH 13. (b) Stop-flow kinetic studies of PA-RGDS2 self-assembly at the presence of free 






The mechanical stability of PA fibers and the permeability of PA hydrogels were studied. 
It was showed that the mechanical stability of fiber bundles was obviously higher than 
that of individual nanofiber. After the harsh treatment of heating and sonicating, most of 
PA-DGEA nanofibers were broken into small pieces, whereas PA-RGDS2 fiber bundles 
remained the original morphology, shown in Figure 6.7. In addition, the permeability of 
three PA hydrogels was different, increasing from PA-DGEA, PA-RGDS1 and PA-
RGDS2 hydrogel, shown in Figure 6.8. This may be because larger pore size of PA-
RGDS2 hydrogel leads to higher permeability. The permeability is one key requirement 
of tissue-engineering scaffolds, influencing diffusion of oxygen and nutrients. The better 
permeability the hydrogel has, the faster the diffusion of nutrients and oxygen is in three-
dimensional architecture. The results demonstrate that the pore size and the permeability 
of PA hydrogels can be tunable through the diameter of fiber. By tailoring the diameter of 
fibers, it is able to control the permeability of PA fibrous hydrogel thus further 
influencing the diffusion of oxygen and nutrients when it is used as tissue-engineering 
scaffolds. In addition, the PA fibrous hydrogels also can be used for drug control release 







Figure 6.7 TEM images of (a) PA-RGDS2 fiber bundles and (b) PA-DGEA fibers after 







In conclusion, self-assembled peptide nanofibers continue to fascinate material designers 
due to its versatile properties. The PA design in this chapter has shown the ability to form 
fiber bundles through the complementary electrostatic attraction between alternating 
charge patterns of RGDS on the epitope segments. The RGDS sequence exposed on the 
surfaces of the fiber bundles renders them bioactive and thus available for applications 
such as scaffold fabrication in tissue engineering. The findings that RGDS type 
sequences function not only as bioactive motifs but also as key structural units in the 
lateral assembly of fibers could aid in our understanding of fibrillogenesis in nature. The 
hydrogel that are built upon fiber bundles has larger pore size and better permeability of 










Figure 6.8 Transport efficiency of BSA through three PA gels with the concentrations of 













POST-ASSEMBLY POLYMERIZATION OF PEPTIDE AMPHIPHILE 






The self-assembly of molecules into well-defined supramolecular nanostructures has 
gained significant scientific interests recently for its ability to provide complex structure 
and function previously inaccessible through step-by-step synthesis (Whitesides et al. 
2002; Xia et al. 2003; Shimizu et al. 2005; Palmer et al. 2008; Qian et al. 2011). Many 
emerging applications and fundamental studies have been based on self-assembling 
organic fibrous nanostructures with high stability and controlled dimensions (Yu et al. 
1997; Chithrani et al. 2006; Geng et al. 2007; Wang et al. 2007; Gratton et al. 2008; Yuan 
et al. 2008; Nie et al. 2010; Huang et al. 2011). The control over the shape, size and 
stability of the self-assembling aggregate is desirable but often technically challenging.  
Recently, some strategies have been developed to control the length of open fibrous 
nanostructures, such as the molecular vernier approach (Kelly et al. 1998; Hunter et al. 
2006), the templating strategy (Bull et al. 2008) and crystallization-driven living self-





2011). However, the development of simple and effective strategies for bulk-production 
of self-assembled fibrous structures with controllable length remains a key challenge. The 
hierarchical assembly of PAs into fiber bundles mediated by the RGDS cell-binding motif 
was reported in the chapter 6. The diameter of fibers can be used to tune the pore size and 
the permeability of fibrous hydrogels, thus influencing the diffusion of oxygen and 
nutrients, which is able to use as tissue-engineering scaffold. This chapter is to present a 
strategy to simultaneously control the length and enhance the stability of self-assembled 
PA nanofibers via the post-assembly polymerization and scission processes.  
 
 
7.2 Results and discussion 
 
The strategy of post-assembly polymerization and scission 
Although it is easy to fabricate PA nanofibers with well-defined diameters, controlling 
the length proves to be a greater challenge. Stupp and his co-workers pioneered an 
approach to control the dimensions of  PA nanofibers by fabricating monodisperse self-
assembled PA nanofibers via a template (Bull et al. 2008). The templating strategy 
controls the length of the fibers via the intervention or limitation of self-assembling 
growth process and is inspired by naturally occurring biological systems used for 
controlling assemblies (Klug 1999). However, fibers derived from this strategy are 
limited in terms of maximum length, stability, yield, bulk-production, and cost. The 





bulk-production of highly stable peptide nanofibers with well-defined dimensions. Firstly, 
peptide amphiphilic molecules are allowed to self-assemble into nanofibers without any 
intervention; secondly, the nanofibers are stabilized via the polymerization of the 
unsaturated fatty acid chains; and lastly, the nanofibers are cut into shorter nanofibers 
with lengths of narrow polydispersity (shown in Figure 7.1). The final length of the 
nanofibers can be controlled by the extent of polymerization in the fatty acid regions of 
the parent nanofiber. 
 
The design of PAs with unsaturated alkyl chain 
A typical PA consists of a peptide portion covalently attached to a saturated alkyl acid, 
which can self-assemble into nanofibers as a result of hydrophobic collapse of the alkyl 
chain and beta-sheet formation by the peptide portion (Paramonov et al. 2006).
 
The 
hydrophobic alkyl chain enables micelle formation of amphiphilic molecules while the 
formation of the beta-sheet is to elongate the micelles into nanofibers via hydrogen 
bonding. The resulting self-assembled PA nanofibers possess well-defined diameters but 
typically have uncontrollable lengths. In addition, the stability of the PA nanofibers is a 
concern as it can disassemble back into micelles or individual molecules at certain 
condition. To enhance the stability, the saturated alkyl acid is thus replaced with an 
unsaturated alkyl acid (palmitoleic acid) to enable the polymerization of the nanofiber 
backbone. The molecular structure is shown in Figure 7.1. The double bond present in the 
palmitoleic acid can undergo free radical polymerization in the presence of an initiator 






Figure 7.1 (a) PA with unsaturated hydrocarbon tail. (b) A schematic diagram of the post-







PA micelles were induced to self-assemble into nanofibers after encapsulation of the 
hydrophobic initiator BPO.  The initiators were observed to be located in the core of 
nanofibers from the encapsulation of hydrophobic fluorescent labels (Figure 7.2). These 
fibers were then incubated at 80°C to initiate the free-radical polymerization. Controls of 
self-assembled nanofibers without BPO encapsulation were prepared and treated at the 
same condition. The self-assembled PA nanofibers observed under transmission electron 
microscopy (TEM) showed well-defined diameter and uncontrollable lengths in the 
micrometer region (Figure 7.3a,b). In addition, circular dichroism (CD) showed the 
presence of beta-sheet in PA nanofibers (Figure 7.3g,h), confirming the formation of beta-
sheet during the elongation of spherical micelles into cylindrical forms. Compared with 
control PAs covalently attached with a saturated alkyl acid tail (Figure 7.4 and 7.5), there 
were no obvious differences in the fiber morphologies and secondary structures. It was 
indicated that the fatty acid modification and the polymerization process did not affect the 




































Figure 7.3 TEM of self-assembled PA nanofibers (a) without BPO and (b) with BPO 
after heating; TEM of (c) unpolymerized and (d) polymerized PA nanofibers after the 
disassembly process; TEM of (e) unpolymerized and (f) polymerized PA nanofibers after 
the reassembly process. CD spectra of (g) unpolymerized and (h) polymerized PA 
nanofibers after the self-assembly (blue) and disassembly (red) processes. (i) DLS of 
disassembled unpolymerized PA nanofibers (black), and DLS of polymerized PA 











Figure 7.4 TEM image of the control PA covalently attached with a saturated fatty acid 
 
 
 Figure 7.5 CD spectrum of the control PA nanofibers. 
 
 
The stability of PA nanofibers 
The stability of the polymerized nanofibers was tested by harshly treating the fibers with 
extreme pH over several days and agitation via ultrasonication. After the harsh treatments, 
TEM micrographs (Figure 7.3c,d) showed that the polymerized nanofibers were broken 





unobservable fragments. CD data (Figure 7.3g,h) showed the presence of beta-sheet in 
the polymerized nanofibers but the absence of beta-sheet in the unpolymerized nanofibers, 
which is consistent with the observation from TEM micrographs. The TEM and CD 
results proved the polymerization was successful, enhancing the stability of the 
nanofibers and allowing the polymerized fibers to hold their nanostructures while the 
unpolymerized fibers had the supramolecular structure disassembled completely. 
Subsequently when the pH of the solution was increased, the polymerized and 
unpolymerized PA nanofibers were found to reassemble. TEM micrographs (Figure 
7.3e,f) showed that the polymerized nanofibers were slightly longer but the increase in 
length was not significant as compared to the micrometer long nanofibers of the 
unpolymerized PAs. Dynamic light scattering (DLS) was used to characterize the 
disassembled and reassembled PA nanofibers. The results (Figure 7.3i) showed a 
reduction in size when the polymerized nanofibers were scissioned into short nanofibers. 
In contrast, the unpolymerized nanofibers completely disassembled into small fragments. 
In addition, the DLS data showed a slight increase in size of the reassembled polymerized 
nanofibers, thus not showing a reassembly of micrometer-long nanofibers. Taken 
together, the results from TEM, CD and DLS demonstrated that polymerization of the 
fatty acid tail of the PA enhances the nanofiber stability that allows it to withstand the 
disassembly process induced by harsh treatment. Interestingly, the polymerized 
nanofibers have shorter length after a scission process and do not reassemble into 
micrometer-long nanofiber. The formation of shorter nanofibers may be due to the 





harsh treatment, scissioning the nanofibers into shorter ones. Therefore, we propose this 
strategy as a means of controlling the length of the nanofibers by the extent of 
polymerization and the scission process. 
 
The length control of PA nanofibers 
The unpolymerized regions of the nanofibers appeared to occur at regular intervals and 
are disassembled to produce the short nanofibers with narrow distribution lengths. Since 
the concentration of the initiator BPO could be a limiting factor in the extent of 
polymerization, the length of the fibers could be controlled by varying the BPO 
concentration. This was achieved by varying the ratio between the PA micelles with BPO 
and without BPO. PA micelles with BPO were homogenized with micelles without BPO 
at ratios of 1:8, 1:1 and 8:1, respectively. The mixtures were then induced to self-
assemble into nanofibers, polymerized and then cut into shorter ones as described above. 
The treated polymerized nanofibers were observed under TEM, and the micrographs 
show nanofibers with various lengths under different ratios of BPO (Figure 7.6a-c). The 
lengths of the nanofibers were determined by tracing more than 450 objects on the TEM 
micrographs as seen in Figure 7.6 d-f. The number-average lengths (Ln) are 15 nm, 57 nm 
and 81 nm for nanofibers with BPO ratios of 1:8, 1:1 and 8:1 respectively. The length 
polydispersity (Lw/Ln, where Lw is weight-average length) of 60 nm and 80 nm 
nanofibers are almost monodisperse, at 1.09 and 1.06 respectively (Table 1). This 
indicates that the strategy of combining polymerization and scission processes can be 





Table 7.1 Lengths (nm) of the polymerized nanofibers after scission as measured from 
TEM images of at least 450 nanofibers. 
 
Length (nm) 
Ratios of PA micelles with and without BPO 
1:8 1:1 8:1 
Ln  15.4 56.8 80.8 
Lw 25.0 62.1 86.0 






In conclusion, the fabrication of self-assembling fibrous nanostructures with high 
stability and controlled lengths of narrow polydispersity has been realized via a post-
assembly polymerization and the scission process. TEM, CD and DLS data confirmed the 
improved stability of the nanofibers and also the ability to control the length of the 
nanofibers by changing the initiator concentration. From an engineering standpoint, the 
strategy of post-assembly polymerization has the potential for bulk-production of fibrous 
nanostructures with controllable dimensions and high stability at a low cost. This work 
may inspire and encourage more research into the precise control of nanostructure 
dimensions via a mastery of PA polymerization, thus opening the door for more extensive 
applications of nanofibers with well-defined lengths and high stability. With precise and 
short length, PA nanofibers hold the potential for a number of applications, such as drug 







Figure 7.6 TEM of PA nanofibers with BPO ratios of (a) 1:8, (b) 1:1 and (c) 8:1 after the 
post-assembly polymerization and scission processes. (d)-(f) Histograms of the length 








CONCLUSIONS AND RECOMMENDATIONS 
 
 
Biomaterial science has significantly evolved in the past half century and becomes one of 
the major engines to boost the development and application of regenerative medicine and 
tissue engineering. Biomaterials are finding various applications, such as tissue-
engineering scaffolds, carriers for growth factor control release, and vehicles for 
bioimaging. Both increasing requirement for biomaterials and increasing appreciation of 
the functionality of biological matrix caused engineers and scientists to consider nature 
for design and fabrication inspiration for new generation of biomimetic materials. This 
thesis was designed to develop new class of biomimetic materials that closely resemble 
the roles of natural materials and show great potential for various biomedical applications, 
through using peptides as the building blocks, native ECM as the mimicking template, 
and self-assembling PA system as the mimicking means. 
 
The studies in this thesis were first started by fabricating collagen-mimetic peptide 
amphiphiles (CPAs) through incorporating the epitope of collagen-mimetic peptide 
sequence supplemented with a specific cell binding sequence spanning residues 502-507 
of collagen α1(I) (GFOGER). The results demonstrated that the CPAs could self-





native ECM architecture. The study also showed that the self-assembled CPA nanofibers 
adopt collagen-like triple-helical structure and could be used as a tissue support matrix to 
promote liver cell adhesion. The collagen-mimetic materials have been successfully 
fabricated to create a collagen-like microenvironment preserving several essential 
features of collagen, such as the unique triple-helical conformation, cell-binding activity, 
fibrillar structure and 3D fibrous network. 
 
Native ECM is composed of not only structural proteins such as collagen, but also 
adhesive proteins including fibronectin and laminin. ECM-mimetic materials with the 
aim of closely mimicking native ECM are needed to include a variety of typical features 
of ECM proteins. In the second part of the thesis, ECM-mimetic hybrid nanofibers 
carrying two synergistic interin-specific sequences of GFOGER and RGDS were first 
prepared through the co-assembly strategy. It was showed that the ECM-mimetic 
nanofibers could entangle to form 3D fibrous hydrogel network and had better 
performance for improving liver cell adhesion and spreading. The fabricated ECM-
mimetic hydrogel was injected to a 3D porous PLGA scaffold to form hybrid 
hydrogel/scaffold system. The ECM-mimetic hybrid system was further used for liver 
cell culture and showed to optimize liver cell distribution, proliferation and function. The 
assembly of “soft” hydrogel together with “hard” porous polymer scaffold to provide 
ECM-mimetic environment for cell growth and function is a choice to maintain the 
advantage of each other while avoiding their limitations, which exhibits great potential 





Despite of the advantages and widespread applications of biomimetic hydrogel based on 
the self-assembled nanofibers, this technology is limited by its inability to form 
macroporous hydrogel with sufficient diffusion of oxygen and nutrients. In vivo, the 
hierarchical assembly of collagen microfibrils to large fiber bundles leads to macroporous 
and strong tissue matrix, which gives the inspiration for fabricating biomimetic 
macroporous hydrogel based on large fiber bundles. The third part of the thesis was 
designed to present a hierarchical self-assembly pathway to form PA fiber bundles by 
inducing and controlling inter-nanofibers interactions using the bioactive sequence 
RGDS. It was demonstrated that the hierarchical assembly and structure resulted from the 
complementary electrostatic attraction between alternating charge patterns of RGDS on 
the epitope segment of PAs. The findings that RGDS type sequences functioned not only 
as bioactive motifs but also key structural units in the lateral assembly of fibers could aid 
in our understanding of fibrillogenesis in nature. In addition, the biomimetic hydrogel 
that was built up based on fiber bundles had larger pore size and better permeability for 
macromolecules, allowing rapid diffusion of oxygen and nutrients when being used as 
tissue-engineering scaffold. 
 
The control over the shape, size and stability of the self-assembling aggregate is desirable 
but often technically challenging. In the third part, the diameter of fibers was used to tune 
pore size and the permeability of fibrous hydrogels thus influencing the diffusion of 
oxygen and nutrients. Following that, an attempt was made to control the length and 





to control the length and enhance the stability of self-assembled PA nanofibers via the 
post-assembly polymerization and scission processes. It was showed that the fabrication 
of self-assembling nanofibers with high stability and controlled lengths of narrow 
polydispersity has been realized via a post-assembly polymerization and the scission 
process. The strategy of post-assembly polymerization and scission has the potential for 
bulk-production of fibrous nanostructures with controllable dimensions and high stability 
at a low cost. This work may inspire and encourage more research into the precise control 
of nanostructure dimensions via a mastery of PA polymerization, thus opening the door 
for more extensive applications of nanofibers with well-defined lengths and high stability. 
Fibrous nanostructures with well-defined lengths may find more applications for drug 
delivery, bioimaging and templating. 
 
The future work should focus on the practical application of the fabricated biomimetic 
systems and the integration of these biomimetic systems into a multifunctional system for 
engineering complex tissues. As it might have been known, in vitro results might not 
always translate to the same direction in vivo. To achieve the clinical application, in vivo 
works need to be carried out for further justification. Furthermore, the versatility of 
collagen-mimetic and ECM-mimetic materials enables the fabrication of customized 
biomaterials for specific purpose of biomedical application. For instance, collagen-
mimetic system currently is being customized to prepare ultrathin collagen-mimetic gel 
membrane that is aimed to serve as a matrix to support the transplantation of corneal 





various biomimetic systems into one super complex and multifunctional system for 
engineering complex tissues.  
 
In summary, biomimetic materials that were inspired by nature and held the potential for 
biomedical applications have been developed through using peptide as building blocks, 
native ECM as the mimicking template, and self-assembling PA system as the mimicking 
means. This research may contribute to taking us one step forward in realizing the 
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LIST OF AMINO ACIDS 
 
 
Table A.1. Letter codes of naturally occurring and non-natural (marked with *) amino 
acids. 




Aspartic acid/ Aspartate 
Cysteine 
Glutamine 
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